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1. Abstract 
 
Reducing the radiotoxicity of spent nuclear fuel is an important objective to ensure the 
sustainability of the nuclear energy. This objective can be attained by separation of the long-
lived actinides from the fuel constituents and their conversion into short-lived radionuclides 
by nuclear reactions, the so-called partitioning and transmutation strategy. An important step 
of this method is the co-conversion of the actinides solutions issued from partitioning into 
solid fuels precursors for transmutation. On the other hand, incorporating the actinides into an 
inert matrix allows an easier handling of these fuels and is particularly useful for high burn-up 
transmutation. Yttria-stabilized zirconia is such an inert matrix, with a high stability. 
 
Among the co-conversion methods, the sol-gel processes such as internal gelation present an 
interest due to their mild conditions, the fact they are easy to handle remotely and the absence 
of radioactive dust formation during fabrication. Internal gelation has been often used for the 
preparation of uranium and plutonium fuels, but no studies focused on its application to 
zirconium and minor actinides (neptunium, americium, curium). Therefore, the objectives of 
this study were to prepare and characterize solid microspheres of yttria-stabilized zirconia 
loaded by cerium as a surrogate for trivalent actinides by internal gelation, but also to perform 
basic studies on this gelation. It occurs by decomposition of organic precursors 
(hexamethylenetetramine HMTA, and urea) under heat, which produce ammonia. This causes 
an increase of pH which ensures the gelation. The studies performed aim to better understand 
the phenomena occurring during gelation, and the role of the organic additives used. 
 
It was found from these studies that the role of urea was to catalyze the decomposition of 
HMTA into NH3, and to bring porosity to the solid material. It was also found that a complete 
gelation could not be attained, and that an aging step in an alkaline medium was required to 
prevent losses. The microspheres characterization by thermal analysis, X-ray diffraction and 
microscopy indicated that the material crystallized into a solid solution with a fluorite 
structure at approximately 400°C, but also that the mixture of urea and HMTA caused a 
strongly exothermic decomposition. This resulted in cracks formation during thermal 
treatment. Optimizations were attempted to reduce this, mainly the quantity of urea and 
HMTA used, but also on the thermal treatment parameters. Alternatively, microspheres were 
directly pressed into pellets, without milling. A repressing method allowed densities up to 
86% of TD (theoretical density) to be attained. 
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Zusammenfassung 
 
Die Reduzierung der Radiotoxizität von abgebrannten Brennelementen ist ein wichtiges Ziel 
um die Nachhaltigheit der Kernenergie zu sichern. Dieses Schutzziel kann erreicht werden, 
indem man die langlebigen Aktiniden aus dem Brennstoff abtrennt und mit Hilfe von 
Kernreaktionen in kurzlebige Radionuklide umwandelt, die sogenannte Partitioning und 
Transmutationsstrategie. Ein wichtiger Schritt dieser Methode, ist die Überführung der nach 
dem Partitioning erhaltenen Aktinidenlösungen zu einer festen Brenstoffvorstufe für die 
Transmutation. Die Fixierung der Aktiniden in einer inerten Matrix erlaubt eine einfache 
Handhabung diese Brennstoffe und ist daher besonders wertvoll für die Transmutation 
hochabgebrannter Brennstoffe. Yttrium stabilisiertes Zirkonoxid ist eine solches inertes 
Material mit hoher Stabilität, das im Rahmen dieser Arbeit untersucht wurde. 
 
Unter den Fabrikationsmethoden besteht bei den Sol-Gel Prozessen wie die Interne Gelierung 
ein großes Interesse, aufgrund der milden Bedingungen und der leichten Fernsteuerung der 
Prozesse, sowie der Tatsache, daß während der Fabrikation keine radioaktiver Stäube 
auftreten. Die Interne Gelierung ist oft für die Herstellung Uran- und Plutoniumhaltiger 
Brennstoffe genutzt worden, jedoch gibt es keine Studien die sich mit der Anwendung von 
Zirkonium und Minore Aktiniden (Neptunium, Americium, Curium) befassen. Vor diesem 
Hintergrund war das Ziel der vorliegenden Arbeit die Herstellung und Charakterisierung von 
Yttrium stabilisierten Zirkonoxid Partikeln, die mit Cer als Simulat für dreiwertige Aktiniden 
beladen wurden. Grundlegende Untersuchungen zur Internen Gelierung sollten auch 
durchgeführt werden. Bei diesem Verfahren wird Ammoniak bei der Zersetzung der 
organischen Ausgangsmaterialien (Hexamethylentetraamin HMTA und Harnstoff) in der 
Hitze freigesetzt und folglich kommt es aufgrund der pH Erhöhung zur Gelierung der 
wäßrigen Lösung. Das Ziel dieser Arbeit war, die bei der Internen Gelierung auftretenden 
Phänomene und insbesondere die Rolle der organischen Additive besser zu verstehen. 
 
Die Studien zeigten, daß der Harnstoff für die katalytische Zersetzung von HTMA in NH3 
verantwortlich ist und dem festen Produkt auch eine Porosität verlieh. Es wurde beobachtet, 
daß eine vollständige Gelierung nicht erzielt wurde und ein anschließender Alterungsschritt 
im alkalischen Medium notwendig war um Metallverluste im Prozeß zu vermeiden. Die 
Charakterisierung der Partikel durch thermische Analyse, Röntgenbeugung und Mikroskopie 
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zeigte, daß das Material bei 400°C in eine feste Lösung mit Fluoritstruktur kristallisierte. Die 
Mischung aus Harnstoff und HTMA verursachte eine starke exotherme Zersetzung des 
Produktes während der thermischen Behandlung, welches zur Rißbildung führte. Es wurden 
Optimierversuche durchgeführt, die Rißbildungen zu reduzieren, wobei die 
Konzentrationsverhältnisse von Harnstoff und HMTA und auch die Parameter der 
thermischen Behandlung einen großen Einfluß hatten. Alternativ wurden aus den Kernels 
ohne Mahlen direkt Pellets gepreßt. Mit Hilfe einer zusätzlichen Pressmethode wurden bis zu 
86% der theoretischen Dichten erzielt. 
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2. Introduction 
 
 
Energy demand is an essential part of the modern world. Different energy resources are 
available, each presenting advantages and disadvantages. Renewable energies such as wind or 
solar power present a high sustainability. They are environment-friendly and do not consume 
resources. However, they are difficult to collect and their reliability is limited. They can 
therefore not be used exclusively. Indeed, at the moment only 19% of the world electricity is 
produced by renewable means, mainly from hydropower sources. Fossil fuel combustion 
(coal, oil, natural gas) is currently the main energy source worldwide, yielding some 64% of 
electricity produced worldwide. It is reliable and easy to obtain. However, it produces large 
quantities of carbon dioxide, which is a major cause of the greenhouse effect. Increasing 
public concern over global warming and an associated depletion of natural resources 
challenges the sustainability of this energy source. Nuclear power presents the advantages of 
an abundant fuel and no resultant emission of greenhouse gases. Public acceptance of this 
energy source is however low, mainly due to the production of highly radioactive wastes. 
Therefore, a means to efficiently manage these wastes and the reduction of their radiotoxicity 
is of prime importance to improve the public interest of this energy source. At present nuclear 
power supplies a production capacity of ca. 372 GWe (gigawatt electric) produced by 441 
reactors worldwide [1]. 
 
As described in the nuclear energy agency (NEA) report from 2002 [2], today’s nuclear 
energy system is the result of a fifty-year development during which this technology has 
reached industrial maturity and became a reliable power resource. Most of this development 
has been concentrated on light water reactor (LWR) concepts (pressurized water reactors 
PWR, and boiling water reactors BWR) and their fuel cycle. The principle of these reactors to 
produce electricity is similar to conventional combustion based power plants, replacing 
combustion with heat from nuclear fission and subsequent heat transfer via water. The fission 
heated water is used to produce steam, which drive turbines coupled to a generator (Figure 1).  
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Figure 1. Representation of a pressurized water reactor (PWR) [1]. 
 
The success of the LWR is based on the early recognition that natural fissile material was 
considered scarce and that nuclear energy could develop only if systems with low fissile 
inventories per unit power would be built. LWRs, as initially developed for naval 
applications, fulfilled this criterion and used simple and relatively cheap technology that 
enabled a first generation of power stations to be constructed rapidly. The necessary uranium 
enrichment technology was available as a result of military development. The significant 
plutonium generation in LWR fuels during fissile operations was considered to be an asset 
because plutonium is an excellent fuel for fast reactors and the anticipated deployment of fast 
reactors around the turn of the century would have required large fissile inventories [3]. In the 
early days of nuclear energy however, the back-end of the fuel cycle was not given the same 
attention as the reactors, and the concept of geologic disposal of radioactive waste was yet to 
be challenged by the public. Because the known uranium resources increased with 
prospecting and the growth of nuclear energy did not meet the early expectations, uranium 
became cheap and the expected rapid introduction of fast reactors did not occur. In many 
countries, a once-through fuel cycle developed where spent fuel is accumulating in spent fuel 
storage pools and intermediate storage facilities. Other countries embarked on a reprocessing 
fuel cycle, taking advantage of the PUREX technology (which will be detailed in the next 
chapter) [4], which was also available from the military application, to separate plutonium 
and uranium. Whereas some of the recovered plutonium is recycled in the form of uranium-
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plutonium mixed-oxide (MOX) fuel in LWRs, the remaining mix of minor actinides (mainly 
neptunium Np, americium Am and curium Cm) and fission products is conditioned in glass 
for final waste disposal [5].  
 
Today, after some forty years of nuclear energy deployment, most countries with a nuclear 
energy programme have growing stocks of spent fuel, or separated plutonium and vitrified 
high-level waste (HLW). The means of long-term management and disposal of these stocks 
has yet to be decided. 
This situation is particularly uncomfortable since, in the meantime, the back-end of the fuel 
cycle has become the main focus of much of the criticism against nuclear energy, mostly 
oriented towards the final storage of spent fuel or HLW. There is a consensus that geologic 
disposal, in one or another form, is an appropriate solution to protect humans and their 
environment in the far-reaching future. However, difficulties encountered in finding suitable 
sites, constructing and licensing repositories, not to mention public opposition against nuclear 
waste, have caused delays in the construction of these facilities. While LWRs will continue to 
cover a large fraction of the nuclear energy demand, some advanced reactors utilizing the 
remaining energy content of spent fuel and dealing with the actinide waste should be 
integrated into the system to assist nuclear energy in fulfilling its long term promises. 
 
Partitioning and transmutation of the spent nuclear fuel is a promising way to reduce the 
radiotoxicity of the waste, thus reducing the concerns it brings in the opinion. This is carried 
out by separating the constituents of the spent fuel (partitioning) and converting the long-lived 
radionuclides into shorter-lived ones by nuclear reactions (transmutation). These steps will be 
detailed in the next chapters. Research on this method is currently performed worldwide. 
 
2.1 The current nuclear fuel cycle 
 
The nuclear fuel cycle comprises the handling of all fissile and fertile material necessary for 
nuclear power production and of the radioactive products formed in this process.  
The fuel exploitation in nuclear power plants can be considered as the central step of the 
process. Therefore, the steps occurring prior to this exploitation are called the “front end” of 
the cycle, whereas the steps occurring after exploitation are called the “back end” [6]. A 
schematic representation of the fuel cycle is presented in Figure 2. 
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2.1.1 Front end 
 
Uranium ore is first mined and milled. Uranium is dissolved in sulphuric acid for separation 
and dried to obtain a solid U3O8 concentrate, also called “yellow cake”. It is then converted 
into gaseous UF6, which allows its enrichment in 235U. Currently this is mainly carried out by 
centrifugation which separates 235U and 238U. A target value of 3 - 4% of 235U is attained for 
use in LWR, starting from an initial quantity of 0.7% of 235U in natural uranium [1]. 
Afterwards, the enriched UF6 is converted into UO2 and then fuel fabrication is carried out. 
Fuel pellets are pressed and inserted into tubes (the cladding), usually made of zircaloy, a 
zirconium alloy. The tubes are finally grouped into clusters to form fuel assemblies which 
will be inserted into the reactor core. One third of the fuel in the core is usually replaced each 
18 months.  
 
 
 
Uranium ore  
Mining,  
milling  
Conversion  
Enrichment  
Fuel preparation  Nuclear power  
plant  
Interim  
storage  
Reprocessing  
Vitrification  
Final disposal  
U 3 O 8   
MOX fuel  
fabrication  
U F 6   
U F 6   
U O 2   
U  
Pu  
Np, Am, Cm  
Fission products  
U  
U  
    Pu  
  
Np, Am, Cm  
Fission products  
Front end   Back end   
 
Figure 2. Schematic representation of a current fuel cycle with reprocessing and MOX 
fabrication. 
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2.1.2 Spent fuel 
 
During exploitation in a nuclear reactor, about 40 chemical elements are produced by fission 
reactions or neutronic capture. After 4 years irradiation in a LWR with a burn-up of 
33 GWd/tU, the spent fuel is expected to contain 95.5% U, 0.97% Pu, 3.37% fission products, 
0.04% 237Np, 0.04% 243Am and 0.002% 244Cm. The quantity of plutonium, minor actinides 
and fission products increase when the burn-up increases (Table 1). Fission products are 
formed during the fission reactions of 235U and in-situ bred 239Pu. The other transuranic 
elements (TRU, Pu and minor actinides) are formed due to neutron capture and subsequent 
decay.  
 
Table 1. Composition of spent nuclear fuel per tonne after 4 years irradiation in a PWR [3]. 
 
Burn-up: 33GWd/tU Burn-up: 41 GWd/tU Burn-up: 50 GWd/tU 
Element Mass (kg) Element Mass (kg) Element Mass (kg) 
U 955.2 U 945.0 U 935.0 
Pu 9.73 Pu 10.85 Pu 12.00 
Np 0.42 Np 0.55 Np 0.72 
Am 0.37 Am 0.53 Am 0.66 
Cm 0.02 Cm 0.06 Cm 0.11 
Fission products 33.74 Fission products 42.25 Fission products 51.30 
 
2.1.3 Back end 
 
After discharge from the reactor, an intermediate storage period of 1 to 2 years in a cooling 
pool is first required to dissipate heat and some degree of the radioactivity. Afterwards, 
several processing options are currently available: the fuel can be directly sent to a repository 
for final disposal (once-through fuel cycle); or be reprocessed in order to recycle the fertile 
materials and reduce the total quantity of the final waste. In the case of reprocessing, the fuel 
is dissolved into concentrated nitric acid and the insoluble cladding is removed. Then, 
uranium and plutonium (present in solution as U(VI) and Pu(IV) respectively) are separated 
from the remaining waste by the so-called PUREX process (plutonium uranium refined by 
extraction). This process is a liquid-liquid extraction using tributylphosphate (TBP) diluted in 
dodecane as organic phase [7]. Plutonium is then stripped out after reduction to Pu(III). 
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Following this separation, uranium can be directly reinserted into the front end of the cycle 
for re-enrichment (see Figure 2). Plutonium is used to fabricate mixed oxide fuel (MOX), 
which is a nuclear fuel composed of a homogeneous mixture of plutonium oxide and uranium 
oxide. MOX fuels containing 3 to 12.5% of plutonium can then be burned in LWR along with 
conventional fuel [8]. The remaining wastes (fission products and minor actinides) are 
vitrified and sent to a repository as high level waste (HLW). This process is currently used at 
industrial scale. However, exploratory studies are also being carried out looking at the further 
separation and recycling of more waste constituents - as will be seen in the following part [9].  
 
2.2 Radiotoxicity 
 
The elements contained in spent nuclear fuel present a wide range of half-lives and 
radiotoxicities (Table 2). For example, fission products (FP) present mainly a short-term 
radiotoxicity (under 1000 years) whereas plutonium and minor actinides (MA, i.e. neptunium, 
americium and curium) are the main source of long-term radiotoxicity [9], presenting 
timescales of the order of more than 1000 years to one million years (Figure 3).  
Therefore, the separation and reprocessing of plutonium as currently done in the commercial 
reprocessing is useful, as it allows a reduction of the waste radiotoxicity to approximately 
100 000 years, as seen in Figure 4. A further separation of minor actinides, associated with a 
transformation into short-lived radionuclides, could reduce this radiotoxicity further to around 
1000 years. Such reductions by more than one hundred-fold [2] of storage time could 
significantly improve public acceptance of nuclear energy. Moreover, this sort of period 
remains within an historical scale, and so safe confinement of the stored radionuclides can 
more reliably be assured over this time [2]. This strategy then, termed partitioning and 
transmutation (P&T), is being actively studied all around the world. 
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Table 2. Radioactivity and half-life of the main nuclides obtained after irradiation of UO2 fuel 
[3]. 
 
Nuclide Activity (Bq/GWe-year) Half-life (year) 
Fission products  
90Sr 8.1·1016 28.78 
99Tc 1.6·1013 2.13·105 
93Zr 2.4·1012 1.53·106 
129I 3.9·1010 1.57·107 
135Cs 4 - 6·1011 2.30·106 
137Cs 1.2·1017 30.07 
79Se 4.1·1011 6.50·104 
126Sn 8.0·1011 2.50·105 
Actinides  
234U 6.2 - 8.7·1011 2.46·105 
235U 1.3 - 1.7·1010 7.04·108 
236U 3.0·1011 2.34·107 
238U 2.7·1011 4.47·109 
237Np 4.2·1011 2.14·106 
238Pu 4.2 - 5.5·1015 87.70 
239Pu 3.3·1014 2.41·104 
240Pu 5.1 - 5.9·1014 6.56·103 
241Pu 3.1·1012 14.35 
242Pu 2.6 - 3.0·1012 3.74·105 
241Am 1.1 - 1.3·1017 432.70 
243Am 2.6 - 3.5·1013 7.36·103 
243Cm 3.6·1013 29.10 
244Cm 4.6 - 5.8·1015 18.10 
245Cm 4.7 - 8.8·1011 8.53·103 
246Cm 1.1 - 3.5·1011 4.73·103 
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Figure 3. Evolution of the radiotoxicity of spent fuel constituents with time, compared with 
fresh fuel [10]. 
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Figure 4. Influence of the type of reprocessing on the evolution of radiotoxicity with time of 
spent fuel [10]. 
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2.2.1 Partitioning of actinides 
 
Partitioning of minor actinides with the goal of transmutation is currently being studied 
internationally by means of so-called hydrometallurgical separation and pyrochemistry 
techniques. 
 
2.2.1.1 Hydrometallurgical separation 
 
Hydrometallurgy employs in using liquid-liquid extractions to separate actinides from fission 
products, as a continuation of the PUREX process used for separation of uranium and 
plutonium and described previously. Several processes are available [2, 9, 11], these will be 
described in this chapter. 
 
It is possible to recover neptunium from the dissolver solution by minor modifications to the 
PUREX flowsheet. Neptunium in the Np(IV) or Np(VI) valence states is reasonably 
extractable with TBP (tributyl phosphate), while in the Np(V) state it remains essentially 
inextractable. Under process conditions in which plutonium is placed in its extractable Pu(IV) 
state, neptunium tends to remain in the inextractable Np(V) state. Reagents such as tetravalent 
uranium, ferrous sulfamate or hydroxylamine can be used to yield reduction to the Np(IV) 
state; while the nitrite ion or pentavalent vanadium can be used to oxidize Np to the Np(VI) 
state. Neptunium can then be co-extracted selectively with either the uranium or plutonium 
allowing subsequent Np separation by re-oxidation to Np(V) and acid stripping.  
 
Laboratory studies have shown that the PUREX process can be adapted to yield complete Np 
separation [12, 13].  
 
In the PUREX nitric acid dissolver solution, americium and curium will adopt a +3 valence 
state, as the lanthanide fission products. The lanthanide elements comprise about 30% of the 
total fission product mass in a ten-year cooled spent LWR fuel, their mass is more than ten 
times that of americium and curium combined. Neither Am(III) nor Cm(III) are extractable 
with TBP in the PUREX process and in normal commercial practice there is no consideration 
for any need for their recovery. But in a transmutation system that is dedicated to the near-
total elimination of the highly radiotoxic transuranic elements it is necessary to extract these 
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elements. Modification of the valence states of Am and Cm in the mainstream PUREX 
process through redox reactions adds process complications and could affect other 
extractions, so the current thinking is to recover these constituents from the PUREX high-
active raffinate before that stream is sent to waste processing. The lanthanide fission products 
complicate the recovery of americium and curium, and a number of processes have been 
developed for this very complex problem. Because the acidity of the raffinate is rather high, 
e.g. ≥ 2 mol/L in HNO3, and the radiation level is significant, it has proven challenging to 
extract americium and curium separately in the presence of a large mass of +3 lanthanides 
(Ln(III)). Initial efforts were directed towards the coextraction of Am and Cm and their 
subsequent separation. The compromise in such systems is an attendant substantial increase in 
high-level liquid waste generation. 
 
Several processes have been developed for the co-extraction of americium and curium from a 
raffinate solution containing lanthanides and other fission products. The first was the TRUEX 
process [14], which employs as extractant CMPO (n-octyl(phenyl)-N,N-diisobutyl 
carbomoylmethylphosphine oxide) in TBP. CMPO is a powerful extractant with high affinity 
for +3 actinides (An(III)) at high acidities, but it does not discriminate between An(III) and 
Ln(III). Other processes that feature coextraction of actinides and lanthanides are the so-called 
TALSPEAK, DIDPA, and DIAMEX. The TALSPEAK and DIDPA [15] processes utilize an 
acidic organophosphorous extractant, di-2-ethylhexylphosphoric acid (HDEHP) or 
diisodecylphosphoric acid (DIDPA), for extraction of An(III) and Ln(III). This extraction is 
followed by stripping of the An(III) constituents from the solvent with a combination of a 
carboxylic acid and diethlyenetriaminopentaacetic acid (DTPA). Both the TALSPEAK and 
DIDPA processes require reduction in the acidity of the aqueous feed solution, either by 
dilution or by denitration. The DIAMEX process [16] is based on the use of malonamide 
extractants such as DMDBTDMA (dimethyldibutyltetradecylmalonamide) in a diluent such 
as kerosene. Because the DIAMEX extractant contains no phosphor, following the principle 
of incorporation only of constituents easily converted to innocuous volatile compounds (the 
so-called “CHON” principle), the waste arising from the DIAMEX process are minimized 
relative to the previously described processes. The so-called TODGA/TBP process recently 
developed at Research Center Jülich and tested at ITU in Karlsruhe also presents promising 
results [17]. The so-called SANEX process can be coupled with DIAMEX for An(III)/Ln(III) 
separation. The SANEX process selectively extracts the +3 minor actinides from the +3 
lanthanides with a BTP extractant, bis-1,2,4-triazinylpyridine, from relatively concentrated 
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aqueous solutions. Recently, extractant mixtures of bis-chlorophenyldithiophosphinic acid 
and tri-n-octylphosphine oxide (TOPO) have been also successfully tested in Research Center 
Jülich [18].  
 
After that, separation of americium from curium can be accomplished by changing the 
oxidation state of americium to the extractable (IV) or (VI) states. Curium (III) is very 
difficult to oxidize to higher states in aqueous solution, making the separation possible. The 
SESAME process has been developed in France for this separation. After limited success with 
this electrolysis-based process the CEA conceived a DIAMEX-like process (named DIAMEX 
2) for americium separation from curium. Since the Americium/Curium separation factor is 
relatively small (1.6) the process requires a large number of stages and the performances are 
then sensitive to flowsheet parameters. However, such a flowsheet has been successfully 
tested in 2002 [12].  
As a summary, the most favorised partitioning strategy by hydrometallurgy studied in Europe 
is presented in Figure 5. 
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Figure 5. Example of partitioning strategy by hydrometallurgy [3]. 
 
2.2.1.2 Pyrochemistry method 
 
 Pyrochemistry aims to separate actinides in a molten salt medium (fluorides and chlorides are 
mainly investigated), using electrorefining processes or reductive extraction, for example 
[2, 7, 9]. The electrorefining process can be characterized simply as a process in which an 
impure material is made as the anode in an electrochemical cell and, with the passage of 
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current in the cell, pure material is deposited at the cathode. Extraction is based on the 
differences in the thermodynamic stability of the compounds and on changes in their 
oxidation state. The main advantages of pyrochemistry are a good fuel and target solubility in 
molten salts, which allows an easier multiple reprocessing of highly refractory materials, a 
robustness of the process, which allows a reduced cooling time between fuel removal from 
the reactor and start of reprocessing (possibly after a few months instead of five years in the 
present), and the compactness of the equipment, which allows a placement of the reprocessing 
facility on reactor site. However, this method also presents drawbacks, such a difficulty is to 
separate lanthanides at aggressive conditions (corrosive salts and high temperature). 
Moreover, this process is still studied at the laboratory scale and does not present the maturity 
of the hydrometallurgy process. Pyrochemistry is therefore considered as a long-term method, 
more adapted for future evolutions such as dedicated fuel cycles and molten salt reactors. 
Pyrochemistry is an obvious option for the latter case. 
 
2.2.2 Transmutation 
 
The transmutation of actinides is made mainly by fission reactions, with products presenting a 
much shorter half-life than the initial elements. Neutron capture reactions are also used to 
obtain fissile elements (see Figure 6 for the example of 237Np).  
 
 
Figure 6. Transmutation chain of 237Np [2]. 
 
Transmutation can be performed in fast reactors (FR) [3] or in specialized facilities such as an 
accelerator-driven system (ADS). Transmutation in LWR is not favored, due to small thermal 
neutron cross-sections and safety reasons [3]. Indeed, the introduction of minor actinides, 
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homogeneously mixed in standard UO2 fuel, induces a reduction both of the initial reactivity, 
caused by neutron absorption capacity, and of the loss of reactivity over the cycle, due to the 
generation of more reactive isotopes resulting from their transmutation. Moreover, a fast 
spectrum promotes fission compared to a thermal spectrum [3]. 
 
The neutron economy of a fast reactor is much more favorable than that in a thermal 
spectrum, since each fast neutron produces directly another fission, while in a thermal 
spectrum two or more neutrons are necessary to achieve fission. Burning of minor actinides in 
a fast reactor can be done homogeneously, with a low content of actinides diluted in the fuel 
in the whole core, or heterogeneously, with a high content of actinides concentrated in targets 
in a specific part of the core.  
 
Even with fast reactors, only a small quantity of minor actinides can be loaded into the core. 
A dedicated system would allow to increase the loading of actinides, and therefore reduce the 
time required to transmutation of the current stockpile or the number of facilities required [2]. 
Accelerator-driven systems (ADS) are currently studied with great interest as a dedicated 
system. An ADS is composed of two main parts, as seen in Figure 7. First, an accelerator 
produces protons. These protons hit a target (heavy metals such as lead-bismuth are currently 
the materials of choice), which produces neutrons by spallation. This target is placed in a sub-
critical core loaded with minor actinides, and transmutation is ensured by the produced 
neutrons. Such a system can produce energy, but its main objective remains the transmutation 
of actinides. Its advantages are the use of a sub-critical core, which allows more possibilities 
for targets positioning and the exclusive burning of minor actinides, and a good safety, as the 
reaction can be shut off immediately by stopping the beam. However, it also presents 
challenges, such as the need for a high reliability of the accelerator to avoid sudden operative 
changes, or the hard conditions endured by the target (stress, corrosion, irradiation). The use 
of ADS implies innovative technologies, and remains the goal of long-term researches. 
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Figure 7. Principle of an ADS [2]. 
 
2.2.3 New innovative fuel cycles 
 
Several fuel cycles have been proposed using different types of partitioning and transmutation 
strategies (Figure 8). The first possibility is a partially closed fuel cycle where Pu is recycled 
as MOX in LWR, with a further recycling of MOX in a fast reactor (1). This could be a multi-
recycling. Another option would be to recycle directly plutonium in a fast reactor, and prepare 
MA targets, which would be irradiated separately. For this heterogeneous recycling scenario 
(2), Pu would be multi-recycled whereas MA targets would be recycled only once, with a 
high burn-up to maximize transmutation efficiency. Closed options would be a multi-
recycling of plutonium and MA in a fast reactor or in an ADS (3, 4), either with homogeneous 
or heterogeneous loading. A variation of this closed cycle with ADS would be to recycle Pu 
as MOX in a LWR, and minor actinides along with reprocessed wastes from MOX irradiation 
would be transmuted in an ADS (5). Another closed cycle possibility is the so-called “double 
strata” concept (6). In this cycle, plutonium is recycled as MOX and then in fast reactor in a 
first stratum with the aim of energy production. In the second stratum MA produced in the 
first stratum are recycled in an ADS. This strategy allows a reduction of the number of 
facilities required for transmutation of minor actinides. Finally, a strategy using exclusively 
fast reactors for the totality of the cycle can also be conceived (7) [2, 9].  
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Figure 8. Presentation of different fuel cycle options including partitioning and 
transmutation. 
 
MOX recycling (1) 
 
 
 
LWR  
Pu  
LWR  
Pu  
F R  
Pu  
Waste : MA  
+ losses  
 
Heterogeneous MA recycling (2) 
 
 
 
LWR  
Pu  
F R  
Pu  
M A targets  
Waste :  irradiated MA  
targets + losses  
 
Transmutation in fast reactor (3) 
 
 
 
LWR  
An  
F R  
An  
Waste :  losses  
 
Transmutation in ADS (4) 
 
 
 
LWR  
An  
ADS  
An  
Waste :  losses  
 
MOX recycling and transmutation in ADS (5) 
 
 
 
LWR  
Pu  
LWR  
An  
ADS  
An  
Waste :  losses  
MA  
 
Double strata (6) 
 
 
 
LWR  
Pu  
LWR  
Pu  
F R  
Pu  
MA  MA  MA  
ADS  
MA  
Waste :  losses  
Waste :  losses  
 
Fast reactor only (7) 
 
 
 
F R  
An  
Waste :  losses  
 
 24
2.3 Fuels and inert matrix 
 
After partitioning by hydrometallurgy, the nitrate solutions of minor actinides obtained need 
to be converted into a solid to be used as a fuel precursor for transmutation. Due to the high 
γ-activity of 241Am and the neutron emission of 244Cm, a dispersion of these actinides is 
needed for fuel fabrication. They can be diluted in a uranium or plutonium fuel, either as 
homogeneous or heterogeneous loading. However, it is preferred for ADS utilization with a 
high burn-up that this fuel matrix is free from uranium or other fertile elements, to prevent the 
build-up of more actinides during transmutation. In this case, a so-called inert matrix is 
required. Actinides and inert matrix can then either be homogeneously mixed into a single-
phase material as a solid solution, or heterogeneously, with actinides-rich particles dispersed 
into the matrix phase to form a CERCER (CERamic in CERamic) or CERMET (CERamic in 
METal), depending on the matrix selected [7]. It is also possible to form particles of a 
homogeneous mixture of actinides and inert matrix, and to embed these particles into another 
matrix (e.g. MgO, Mo), to benefit from the advantages of both matrices, for example radiation 
stability and thermal conductivity. This method is however more complex to implement and 
higher development costs would be required. In all cases, specific methods of co-conversion 
of the actinides solution into a solid fuel are needed, which will be detailed in the next parts. 
 
2.3.1 Material studies on fuels and inert matrices 
 
Several categories of materials are studied as fuel: oxides, nitrides, carbides and metals 
[7, 19]. All these materials need to comply with several properties. The fuel needs to resist to 
reactor conditions (high temperature, radiolysis), and to be compatible with the reactor 
constituents (coolant, cladding). Moreover, easiness of reprocessing should also be 
considered, except for once-through scenarios where a good retention of actinides is preferred 
[9, 20-22]. The different types of fuels were notably reviewed by Konings [7]. 
 
In the following, the most interesting fuel compositions are characterized: 
The actinide metals have a complex allotropy as a result of which alloys of pure actinides 
undergo several phase transitions in the temperature range of operation of the fuel. The 
mutual solubility of the actinide metals is not well known. The limited information available 
shows that Np and Am are not miscible in all proportions [23]. As a result it is difficult to 
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obtain a homogeneous alloy if the Am and Np contents are significant. The thermal 
conductivity of metallic fuel is high. The uranium-based alloys present a melting temperature 
around 1623 K (1350°C). This gives a reasonable margin to melting. However, for U-free and 
Pu-rich alloys, the situation is different, as the melting point of Pu (913 K) and the thermal 
conductivity of Pu metal are significant lower than that of U (melting point 1408 K). 
Moreover, americium metal has a relatively high vapor pressure, which requires a lower 
operating temperature to avoid actinide relocation. Adding a non-fissile metal with a higher 
melting point and a higher thermal conductivity is thus a requirement to increase the melting 
point of the alloy and raise the margin to melting. Candidates are molybdenum (2896 K), 
zirconium (2128 K), titanium (1941 K), or niobium (2750 K). Zirconium is the most 
promising of these candidates and a lot of experience already exists in the USA with addition 
of Zr to U-Pu metallic fuels. However, the amount of "matrix" that can be added to the alloy 
is subject to phase considerations and technological restraints from the fabrication. Moreover, 
Np and the low temperature alpha form of Zr are only partially miscible in the whole 
composition range [24, 25]. Intermetallic compounds can be formed, which could precipitate 
in the metallic alloy and could dissociate in Zr and Np at low temperature (550°C). In 
contrast, Np is very soluble in the U-Zr alloy [24]. As a result local melting of Np in U-free 
alloy at low temperature (640°C) cannot be excluded when the Np content in the fuel is 
significant.  
 
The advantages of nitride fuels are the high actinide density (interesting when breeding is the 
aim), the compatibility with the PUREX process and the chemical compatibility with water, 
air and stainless steel cladding materials. A major drawback is, however, the production of 
14C through (n, p) reactions on 14N in nitride fuels. To be compatible with the current norms 
of gaseous 14C release in the reprocessing plants, it is necessary to use nitrogen enriched in 
the isotope 15N, which raises the cost of the fuel. PuN, NpN, AmN and CmN all have the 
same crystal structure (cubic NaCl-type) and their lattice parameters are very close. It is thus 
expected that the solid solution (Pu, Np, Am, Cm)N exists in a wide composition range. The 
actinide nitrides have a high thermal conductivity compared to the actinide oxides (up to 5 
times higher for UN compared to UO2) whereas the melting temperatures are similar. This 
results in a lower central fuel temperature or, alternatively, allows a higher actinide content in 
the target. In case of normal and off-normal operation, the decomposition of nitrides in metal 
and nitrogen gas (which leads to the formation of a liquid phase in the fuel) is unlikely even at 
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high linear power [26]. However the decomposition could be a critical issue in case of severe 
accident. 
 
Uranium and plutonium carbide fuels have good thermal and mechanical properties and have 
shown good irradiation performance. Helium bonding was found to be sufficient to reach high 
burn-up. Unlike the nitride fuel, there is no safety concern regarding the case of severe 
accidents. The highly pyrophoric nature of the carbide compounds requires an inert 
atmosphere for fabrication. In case of transuranium carbide fuel, a strict control of 
stochiometry is required in order to obtain a monocarbide phase. The compatibility with wet 
reprocessing is only given by transforming the spent fuel to a carbonitride. 
 
Finally, oxide fuels are a natural extension of MOX fuel and are relatively easy to handle [7]. 
The transuranium dioxides PuO2, NpO2, AmO2 all have a fluorite-type crystal structure and 
their lattice parameters are very close. As a result the (Pu,Np,Am)O2 solid solution can 
probably be prepared in a wide range of compositions. CmO2 is also cubic, but this compound 
is thermodynamically unstable with respect to Cm2O3: the decomposition temperature is 
about 650 K. In a (Pu,Np,Am,Cm)O2-x solid solution, the curium is therefore present as 
Cm(III). Compared to standard MOX fuel, significant differences in the physico-chemical 
properties can be expected for the (Pu,Np,Am,Cm)O2-x solid solution, mainly lower thermal 
conductivity. Uncertainties still exist about the thermal conductivity of some of the minor 
actinide oxides. It seems that the thermal conductivity decreases from NpO2 to AmO2, though 
the experimental values reported in literature for the latter compound [27] are highly uncertain 
[28]. However, measurements of the thermal conductivity of (U,Pu)O2, (U,Np)O2, (U,Am)O2 
and (U,Np,Am)O2 show that addition of minor actinides to UO2 leads to some decrease of the 
thermal conductivity, although the changes are only significant in the case of (U,Am)O2. 
Anyway, the lower thermal conductivity would lead to a higher fuel temperature compared to 
UO2 or MOX fuel and thus to a smaller margin to fuel melting and a higher fission gas 
release. 
 
For inert matrices, a small neutron capture cross-section is especially important for an 
efficient use, along with a relatively high capacity to load actinides. This comes in addition to 
the other properties required for a fuel. Several oxide fuels have been studied, such as 
aluminum oxide, zirconium oxide, zircon (ZrSiO4) or spinel (MgAl2O4). Some have been thus 
rejected, such as aluminum oxide, which is not radiation resistant, or zircon, which presents a 
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dissociation upon annealing at high temperature [29]. On the other hand, zirconium oxide 
presents a low neutron capture cross-section (< 0.03 barn for fast neutrons, 0.185 barn for 
thermal neutrons with an energy of 0.025 eV), a high melting point (2980°C) and a high 
chemical and radiation stability, with no amorphization observed after irradiation at 90°C 
with 400 keV Xe+ ions up to 110 dpa and at room temperature with 240 keV Xe+ ions up to 
200 dpa [30-34]. Its structure changes with temperature from monoclinic to tetragonal at 
1170°C, and to cubic at 2370°C, but the addition of yttrium (or another aliovalent cation) 
allows it to keep a stable cubic fluorite structure from room temperature to its melting point 
(see Figure 9, PSZ: partially stabilized zirconia, TZP: tetragonal zirconia powder) [35]. 
 
 
Figure 9. Phase diagram of ZrO2-Y2O3 [35]. 
 
The cubic structure of this stabilized zirconia (YSZ for yttria-stabilized zirconia) is moreover 
similar to the structure of actinides oxides, which allows the formation of a homogeneous 
solid solution and a high solubility of actinides [32]. The thermal conductivity of YSZ is 
however low among oxides with e.g. only 1.9 W·m-1·K-1 for the simulated fuel 
(Zr0.75Y0.10Ce0.10Er0.05)O1.925 [36]. In comparison, the thermal conductivity of UO2 is 
3.1 W·m-1·K-1 at 1273 K. This problem could be countered by embedding actinides-loaded 
YSZ into a material with a higher conductivity such as MgO (10 W·m-1·K-1). A CERCER 
material would then be produced. Another option would be to use 92Mo as a dispersant to 
obtain a CERMET fuel [37]. The low solubility of YSZ (< 10-10 mol/L, with little temperature 
or flow rate dependence [32]) also makes it a good candidate for conditioning of transmuted 
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waste in final repository. In this study, YSZ has been selected as inert matrix due to these 
good properties. Cerium was used as a surrogate for actinides. 
 
2.3.2 Synthesis methods of inert matrices adapted for minor actinides 
 
2.3.2.1 General methods 
 
Currently, MOX fuel is fabricated industrially by powder metallurgy in glove box technology. 
After separation of uranium and plutonium from the dissolved fuel by the PUREX process, 
both are thermally treated to obtain solid uranium oxide and plutonium oxide. The powders 
are then mixed and milled, and uranium oxide is added to adjust the plutonium concentration 
between 3 and 12.5%. This final mixture is finally pressed, sintered, polished and controlled 
prior to assembly [38]. The glove box technology is used to prevent direct contact or 
incorporation of dust particles of actinides oxides. Uranium and plutonium are mainly 
α-emitters. α particles are helium atom kernels. Due to their big size, they are subjects to 
collisions within short range neighborhood and lose their energy. Their reach in air is about 
7 cm. However, this method cannot be used with minor actinides, due to their high γ- and 
neutron activity. Curium is especially problematic in this regard, with a decay heat of 
2.58 W/g and a neutron emission of 1013 n·s-1·tHM-1 (neutrons per second per ton of heavy 
metal atoms) [39]. The fabrication process should therefore be remotely performed, which 
requires a simple process technology. On the other hand, accumulation of radioactive dust 
from milling steps should also be avoided. Therefore, wet chemistry methods are to be 
favored [40]. Many processes are available for wet fabrication of ceramic oxides [41], and 
several of them have been investigated for co-conversion of actinides or surrogates (Figure 
10). Among them are thermal denitration [42], water extraction [43], co-precipitation by 
ammonia or oxalate addition [40], and sol-gel methods [44]. Infiltration is another possibility, 
with the advantage of limiting the number of steps performed with actinides [45, 46]. Indeed, 
the preparation of inert matrix particles by sol-gel method can be done in an inactive 
environment, without the constraints usually required. Only the infiltration of these particles 
by the active actinides and further thermal treatment steps require the use of hot cells. The 
process is therefore easier to implement. The quantity of actinides able to be loaded remains 
however limited. 
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Figure 10. Examples of different routes for fuel fabrication.  
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Ammonia co-precipitation of zirconium, yttrium and cerium has been studied by Barrier in a 
recent PhD thesis at Research Center Jülich [47]. It has been found that up to 20 mol% of 
cerium could be incorporated into the matrix without degradation of its properties. A stable 
solid solution with an fcc fluorite structure was obtained after thermal treatment up to 
1300°C. No phase segregation was observed. The lattice parameters follow Vegard’s law. The 
properties of the material were determined by the matrix. The material obtained was pressed 
into pellets and their sinterability was studied. It was observed that ultrafine particles 
underwent severe agglomeration during drying, which had an adverse effect on their sintering 
behavior [48]. Methods to prevent this problem were tested, and grinding and fractionation in 
acetone were found to improve the pellets properties. These steps allowed to separate coarse 
“hard” agglomerates from fine “soft” agglomerates. The hard agglomerates, causing a 
limitation of the densification, were broken into fine powders by the grinding step. Densities 
up to 97 to 98% of TD were obtained by this method. However, these grinding and 
fractionation in acetone steps are not totally satisfying for application with minor actinides. 
Therefore sol-gel methods will be investigated, as they allow the direct shaping of material 
into free-flowing spheres, with no dust generation, and ensure an excellent homogeneity of 
the material. 
 
2.3.2.2 Sol-gel methods 
 
One of the most common sol-gel methods for production of zirconium oxide uses an alcoxide 
precursor (Zr(OR)x) such as zirconium propoxide [41,49]. These organic precursors, very 
reactive, might not be suitable in a strong radiation field. Other methods make use of a 
polymeric zirconium template of polyvinyl alcohol [50], or hydrolysis by thermal 
decomposition of urea [51]. Among sol-gel methods used or studied for fuel preparation, 
external gelation and internal gelation can be distinguished [52]. For these methods, solid gel 
microspheres are directly obtained, which can be pressed into pellets or used as SPHEREPAC 
fuel [53]. In the latter case, fuel microspheres are directly loaded into a cladding tube, and 
vibration is used to obtain a homogeneous filling. Using two sphere sizes allows to obtain a 
good density, over 80%. This process has however not been industrially used, but irradiation 
tests were performed. In all cases, a dust-free process is ensured. 
During external gelation, droplets of a sol solution containing the desired metal ions in high 
concentration with a specific amount of ammonia are dropped in an ammonia medium. The 
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droplets start to solidify in a gaseous ammonia atmosphere or an immiscible solvent enriched 
into ammonia, such as methylisobutylketone [54-57]. They fall afterwards into a concentrated 
solution of ammonia where they complete their solidification and hardening. This 
solidification starts from the periphery of the droplets and progresses inwards (see Figure 11 
left).  
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Figure 11. Principle of external (left) and internal (right) gelation for uranium. 
 
This process had been extensively studied at Research Center Jülich during the 70s and 80s 
for the preparation of uranium and thorium fuels for high temperature reactor, which were 
studied in Germany and in other countries such as the United States [55,56]. A schematic 
representation of the process used is shown on Figure 12. This corresponds to a pilot scale 
experiment. However, several parameters needed to be finely tuned, such as the quantity of 
ammonia added to the sol (~90% of the amount required for gelation), which can be difficult 
to rediscover.  
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Figure 12. Schematic representation of the external gelation process used in Research Center 
Jülich [55]. 
 
In the case of internal gelation, organic precursors (hexamethylenetetramine HMTA, and 
urea, see Figure 13) are added to the broth, and droplets are dropped into an immiscible 
heated medium (e.g. silicone oil). There, the heat causes decomposition of the precursors into 
ammonia, and solidification starts from the inside of the droplet [58] (see Figure 11 right).  
 
 
Figure 13. Structure of HMTA (left) and urea (right). 
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2.3.3 Status of internal gelation 
 
Internal gelation has been commonly used in the past for the preparation of U/Pu and Th 
fuels, with great success, enabling production of kernels and pellets of excellent quality up to 
pilot scale [44, 59-61]. In these studies, it was observed that urea forms a complex with uranyl 
ions at low temperature, which prevents premature gelation of the solution [62] (eq. 1). 
 
[ ] ++ ↔+ 222222222 )()(2 NHCOUONHCOUO        (1) 
 
The reactions occurring during gelation are protonation of HMTA (eq. 2) 
 
[ ]++ ↔+ HNCHHNCH 462462 )()(         (2) 
 
followed by decomposition (eq. 3) [62]. 
 
[ ] OCHNONHNOHHNCH 2343462 64443)( ++→++ −+−++      (3) 
 
At the same time, decomplexation of uranium occurs, followed by hydrolysis (eq. 4). 
 
++ +↔+ HOHUOOHUO 2)(2 22222         (4) 
More recently, a so-called “total gelation process” has been studied for uranium oxide kernels 
preparation. This method combines both internal and external gelation: urea and HMTA are 
added to the uranyl nitrate solution, and droplets of this solution are dropped into an ammonia 
medium. High quality fuel kernels were obtained, which satisfied design requirement for use 
in high temperature reactor (notably diameter, sphericity and fraction of odd-shaped particles) 
[63]. 
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3. Scope of the work 
 
 
As seen in the previous chapter, partitioning and transmutation is a promising method for 
management of spent nuclear fuel. One of the challenges of this strategy is to prepare a 
suitable material to load minor actinides retrieved from partitioning. Research on such a 
material is mainly aimed towards inert matrix mixed oxide fuels, and among them is yttria-
stabilized zirconia (YSZ) especially promising. Studies were performed at Research Center 
Jülich on this material, using co-precipitation as fabrication method. Ceramics with densities 
up to 98% of TD and good microstructure were obtained, but the milling steps required to 
achieve these promising material properties limit the interest of this method in the 
management of minor actinides. 
On the other hand, the sol-gel methods present a great interest in the preparation of these 
matrices: they allow to shape the solid at the gel stage, prevent the formation of radioactive 
dust and are simple enough to be handled remotely.  
Internal gelation in particular is technically very simple at laboratory scale. It has been widely 
studied for the preparation of uranium, plutonium, and thorium fuels. Internal gelation has 
also been studied with inert matrices and surrogates, but on a lower scale [64-67] and no 
optimal conditions could have been determined. Moreover, possible changes in the role of the 
precursors urea and HMTA in this case have not been thoroughly studied until now. Specific 
difficulties linked to the different precipitation pH of zirconium and the trivalent cations 
(yttrium, cerium) are expected. Removing the decomposition products of the organic 
additives (HMTA, urea) might also be problematic, and may cause difficulties during thermal 
treatment.  
 
The present thesis has two main objectives:  
- First, it is required to understand the precise role of urea and HMTA chemistry in 
the gelation process, in order to optimize it. This is done by potentiometric 
titrations, parametric studies and viscosity measurements.  
- Secondly, the development of a fabrication route is performed, including the full 
characterization of the intermediate products. The thermal behavior, crystallization 
and structure of gels and microspheres are notably investigated. Finally, 
pelletization of the microspheres is also studied, and their densification behavior is 
characterized. 
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4. Experimental part 
 
 
4.1 Potentiometric titrations and co-precipitation experiment 
 
4.1.1 Potentiometric titrations 
 
Zirconyl chloride, yttrium nitrate, cerium nitrate and urea were dissolved in deionised water 
to prepare solutions containing zirconium (Zr), yttrium (Y), or cerium (Ce) each alone, or the 
three ions together, with or without urea. All concentrations were adjusted to 0.1 mol/L. The 
solutions were placed in a thermostated vessel and brought to a selected temperature (4°C, 
25°C). They were then titrated against sodium hydroxide 0.1 mol/L or ammonium hydroxide 
0.1 mol/L, using an automatic titration apparatus (798 MPT Titrino, Metrohm). The pH was 
recorded against the volume of base added. 
 
In another set of titrations, solutions of nitric acid with a concentration of 0.5 mol/L were 
brought at a selected temperature in a thermostated vessel (5°C, 25°C, 50°C or 75°C). HMTA 
or a mixture of HMTA and urea were added to obtain a final concentration of 0.25 mol/L or 
0.5 mol/L of HMTA and urea, and the evolution of pH with time was recorded with a pH-
meter. This pH-meter had been previously calibrated at the studied temperature, using buffer 
solutions of pH 3 and 5. 
 
4.1.2 Co-precipitation experiment 
 
A co-precipitation experiment was performed to observe the precipitation sequence of metal 
ions in the presence of urea. Zirconyl chloride, yttrium nitrate, cerium nitrate and urea were 
dissolved in 2.5 L of water to obtain a solution with a concentration of 2.5·10-2 mol/L of Zr, 
4.8·10-3 mol/L of Y, 3.9·10-3 mol/L of Ce and 3.3·10-2 mol/L of urea (74 mol% Zr, 14 mol% 
Y, 12 mol% Ce, 1 mol urea per mol metal). The solution was kept under agitation and 
gaseous ammonia was added with a flow of 0.5 L/min, from the beginning. Approximately 
5 mL of solution and eventual precipitate were sampled each 30 seconds. For each sample, 
the precipitate was separated by centrifugation. The pH of the liquid phase was measured and 
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1 mL of it was filtered through a syringe filter of 0.22 µm (Millipore) to remove 
microparticles of precipitate. The concentrations of zirconium, yttrium and cerium present in 
each of these samples were then determined by ICP-MS. 
 
4.2 Viscosimetry and determination of the gelation temperature 
 
The temperature of gelation was determined by viscosimetry. 10 mL of broths (freshly 
prepared by mixing 5 mL of metal stock solution and 5 mL of HMTA and urea stock solution 
at 4°C) were poured into the viscosimeter chamber (see Figure 14). The latter was placed into 
a thermostated bath, which was heated from room temperature to 90°C at 6°C/min while the 
viscosity and the temperature were recorded continuously (a Pt-100 sensor was used to 
measure the temperature). The temperature of gelation was determined by a sharp increase of 
viscosity, usually enough to stop the viscosimeter. 
 
 
Figure 14. Picture of the viscosimeter prior to introduction into the thermostated bath. 
 
4.3 Fabrication of kernels and pellets 
 
Kernels and pellets were prepared according to the flow sheet shown in Figure 15. The 
different steps are described in detail in the following parts. 
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Drying at RT 
Washing in CCl 4 , NH 3 and H 2 O 
Hydrolysis in oil at 90°C 
Metal solution 
Mixing at 3°C 
Droplets formation 
Solution of HMTA/Urea 
Thermal treatment 
Pellet pressing 
Sintering 
 
 
Figure 15. Flow sheet of the preparation of kernels and pellets by internal gelation. 
 
4.3.1 Preparation of broths 
 
Stock solutions of metal ions were prepared by dissolving adequate amounts of zirconyl 
chloride, yttrium nitrate and cerium nitrate into deionised water. These solutions had total 
metal concentrations of 1.6 mol/L or 1.2 mol/L with detailed compositions summarized in 
Table 3. The composition of these solutions was controlled by ICP-MS. Stock solutions of 
HMTA and urea were prepared by dissolving adequate amounts of these compounds into 
deionised water. Broths solutions were obtained by mixing both stock solutions at 4°C (using 
an ice bath) to prevent any premature gelation and used immediately. The amount of HMTA 
and urea present in each broth was defined by the molar ratio of urea on metal RU  
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[ ]
[ ]Metal
UreaRU =            (5) 
 
and the molar ratio of HMTA on metal RH.  
 
[ ]
[ ]Metal
HMTARH =           (6) 
 
The metal concentration in the final broth was then 0.8 mol/L or 0.6 mol/L, depending on the 
metal solution used. The different values of RU and RH used in broths are presented in Table 4 
and Table 5. 
 
Table 3. Compositions of stock solutions containing metal ions used. 
 
Mol/L 1.22 1.18 1.08 0.96 0.92 
[Zr] 
Mol% 76 74 67 59 76 
Mol/L 0.22 0.22 0.20 0.18 0.16 
[Y] 
Mol% 14 14 13 11 14 
Mol/L 0.16 0.20 0.32 0.48 0.12 
[Ce] 
Mol% 10 12 20 30 10 
Mol/L 1.60 1.60 1.60 1.60 1.20 
Total 
Mol% 100 100 100 100 100 
 
Table 4. Values of the ratios of urea on metal (RU) used during broths preparation. 
 
RU 0.00 0.50 0.75 1.00 1.05 1.50 2.00 3.00 
 
Table 5. Values of the ratios of HMTA on metal (RH) used during broths preparation. 
 
RH 0.30 0.40 0.50 0.56 0.60 0.70 0.90 1.00 1.20 
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4.3.2 Kernels fabrication 
 
Freshly prepared broths were loaded into a syringe placed on a syringe pump and driven 
through a 0.4 mm diameter nozzle with a flow rate of 40 mL/h. The droplets fell into a 
double-walled gelation column (3 cm internal diameter, 30 cm length) filled with silicone oil 
and thermostated at 90°C (see Figure 16a). The heat causes the decomposition of HMTA with 
formation of ammonia, which hydrolyses the metal ions (see part 2.3.2.2 and 2.3.3). The broth 
droplets were therefore converted into solid gel spheres in a few seconds. The oil temperature 
is an important parameter. If it was too low, the kernels did not have time to gel and 
aggregated in the bottom of the column. If it was too high, ebullition of the droplets occurred, 
causing deformation of the kernels. The nozzle could be connected to a vibrator, and the 
frequency and amplitude of vibration could then be selected. This function was however 
generally not used during the studies. A typical batch of 20 mL of broth yields approximately 
15 g of kernels immediately after gelation (Figure 16b). 
 
 a) 
  
 b) 
 
 
Figure 16. a: Gelation apparatus used for kernels fabrication; b: Kernels in the gelation 
column during cooling. 
 
4.3.3 Kernels washing, drying and thermal treatment 
 
After natural cooling of the silicone oil to room temperature, kernels were separated from the 
silicone oil and rinsed with carbon tetrachloride in a beaker to remove traces of oil. A 
Büchner filtration system was used to separate the kernels from the carbon tetrachloride. The 
kernels were then let to age in 200 mL of a 2 mol/L solution of ammonium hydroxide during 
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30 min, prior to washing in the same solution by agitation during 30 min. The solution was 
then withdrawn, acidified with nitric acid and used for ICP-MS analysis whereas the kernels 
were washed again with 200 mL of fresh ammonium hydroxide solution, using the same 
method. This process was repeated at least three times. The efficiency of these washing steps 
was determined by measuring the conductivity of the used wash solutions. A value of 
1.3 mS/cm (equal to the conductivity of the fresh wash solution) indicated a good washing. 
The kernels were then rinsed with distilled water with the same procedure, until the pH of the 
wash solution was neutral. The used water solutions were also acidified with nitric acid and 
used for ICP-MS analysis to determine if losses occurred. The kernels were finally allowed to 
dry at room temperature overnight. A dramatic decrease of diameter was observed during this 
step, from ~3 mm to ~1 mm (see Figure 17). Around 3 g of dry kernels were obtained from a 
typical batch using 20 mL of broth. The dried kernels were heated to 110°C in an oven (T12, 
Heraeus Instrument) with a heating rate of 0.17°C/min and finally calcined in another oven 
(M110, Heraeus Service) up to 600°C during two hours. The heating rate selected was slow, 
0.5°C/min on average. Some kernels were also calcined up to 400°C, with a similar slow 
heating rate. 
 
   
 
Figure 17. Comparison of the size of kernels before (left) and after drying at room 
temperature (right). 
 
4.3.4 Pellets pressing and sintering 
 
Calcined kernels were compacted into pellets of 10 mm diameter by cold uniaxial pressing 
with pressures ranging from 250 to 900 MPa (approximately 0.5 g of kernels were used for 
43 
each pellet). Zinc stearate dispersed in diethyl ether was used as lubricant. In some cases, a 
repressing method was used, where a pellet was granulated in a mortar and recompacted one 
or more times. The pellets were finally sintered during 5 h at 1600°C. 
 
4.4 Equipment and characterization methods 
 
4.4.1 ICP-MS measurements 
 
In order to estimate the material losses during gelation, the quantity of Zr, Y, and Ce present 
in the used wash solutions which had been kept from the washing steps was measured by 
ICP-MS (Elan 6100 DRC, Perkin-Elmer, available range from ng/L to mg/L). This method 
was also used to determine the quantity of metal ions remaining in solution during the co-
precipitation experiment. In all cases, 50 µL of each sample was diluted into 50 mL of 
deionised water containing 1000 µL of nitric acid and 500 µL of oxalic acid to prevent 
zirconium precipitation. 100 µL of each of these diluted samples was further diluted into 
10 mL of deionised water containing 100 µL of nitric acid, again to avoid precipitation of 
zirconium. The second sample, with a dilution factor of 100 000, was measured first. If the 
metal concentration was close to the detection limit, the first sample, with a dilution factor of 
1000, was also measured to increase the sensitivity. 
 
4.4.2 Thermal analysis 
 
The thermal behavior of gels and kernels was studied by thermogravimetry coupled with a 
differential scanning calorimetry (TG-DSC), using a STA 449C Jupiter, Netzsch, from room 
temperature up to 1300°C. The samples were placed in a covered Pt/Rh crucible, and 
measured against an empty crucible used as the reference for DSC. The DSC was calibrated 
by use of a specific set supplied by the manufacturer. A blank curve was used for corrections, 
with no sample. This blank curve was measured prior to each series of measurements. A 
heating rate of 10°C/min was generally used. Most of the experiments were performed in dry 
air atmosphere, with a flow of 30 mL/h, but some samples were also tested in inert N2 
atmosphere, with the same flow. 
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4.4.3 Crystallization studies 
 
The crystallization processes were studied by X-ray diffraction (XRD), using a 
Transmissions-Diffractometer-System STADI, Stoe, S-38 with CoKα, λ = 0.178897 nm, after 
calcination at different temperatures. The measurement was performed at room temperature. 
The kernels were milled prior to measurement in order to ease the experimental setup. No 
differences in spectra were observed compared to intact kernels.  
 
4.4.3.1 Lattice parameter 
 
The lattice parameter was calculated using the Nelson-Riley method [68] applied to a cubic 
structure characteristic of the (Zr,Y,Ce)O2-x system.  
The first step of this method consists in the determination of the Miller indices (hikili) 
associated to each diffraction peak i, also characterized by a diffraction angle θi. For each 
peak, the value sin2(θi) is proportional to the sum of the square of each Miller indice 
222
iii lkhm ++= . 
Thus, 
 
)()(sin/)(sin)( 222122212121 iiii lkhlkh ++=⋅++ θθ           (7) 
 
where θ1 is the diffraction angle of the first peak indexed by the Miller indices (h1k1l1). In the 
case of the fluorite structure present in this system, where the first diffraction peak correspond 
to the diffraction of plan (111) [68], it comes: 
 
)()(sin/)(sin3 222122 iiii lkh ++=θθ .        (8) 
 
From the peak indexation, the lattice parameter a of a cubic structure, can be determined 
stating that the distance dhkl between two plans of the family (hkl), is given by the relation: 
 
222/)sin(.2/ lkhad hkl ++== θλ            (9) 
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So that, for each peak with Miller indices of (hkl): 
 
)sin(2/. 222 θλ lkha ++=           (10) 
 
Thus, the lattice parameter was determined for each peak and the average value was 
calculated. The correction of the zero position was determined for each spectrum.  
 
4.4.3.2 Relative crystallinity degree 
 
The relative degree of crystallinity (G, in %) after calcination at different temperatures was 
calculated by using the following formula [69]: 
 
)//()/(100 00 SS IIIIG =
           (11) 
 
where I represents the intensity of the (111) peak of the studied kernels and I0 its background 
signal at the temperature studied. IS and I0S correspond to the intensity of the (111) peak and 
the background signal of the same kernels at 1300°C, temperature at which they are 
considered a totally crystalline material. 
4.4.4 Structure analysis by microscopy 
 
In addition to a visual surface observation and kernel size measurement by optical microscopy 
(KS 300, Zeiss), the structure of gels, kernels and pellets was studied by scanning electron 
microscope (SEM), using a JSM-840, JEOL coupled with an energy dispersive X-ray 
analyzer (EDX). Samples only dried at room temperature were first heated to 110°C to 
remove residual water. The surface of pellets was polished on abrasive paper and by diamond 
paste buffing, and thermally etched at 1500°C prior to observation. All samples were 
submitted to gold coating prior to observation in order to prevent the build-up of electric 
charges on the surfaces. 
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4.4.5 Density measurements 
 
The density of green pellets (prior to sintering) was measured by geometrical method: the 
mass m of the pellet, its diameter D and its height h were measured and the density was 
calculated according to: 
 
)/(4 2hDmG piρ =               (12) 
 
The density of sintered pellets was measured by hydrostatic weighing in water. After having 
measured the mass of the pellet (m), it was coated by paraffin. The mass of the sample coated 
with paraffin, (mp), was then determined. Afterwards, the sample was sunk in water and its 
mass in water (mw), was determined. The density was calculated according to the following 
formula, where (dw) is the density of water and considering a thin coating of paraffin: 
 
)/( wPwS mmdm −⋅=ρ              (13) 
 
The theoretical densities of the materials (ρT) were calculated from the lattice type and 
parameter [70]. Thus, assuming that the elements form a solid solution the theoretical density 
of the material can be calculated according to: 
 
)/( asystemT NVNM ⋅⋅=ρ              (14) 
 
where Msystem is the atomic weight of the system, N the number of atoms per cell unit, V the 
volume of the lattice and Na the Avogadro constant. Thus, in the case of a (ZrxYyCez)O1.93 
solid solution, crystallizing in a centered cubic face, fluorite type structure, with a lattice 
parameter a, the theoretical density will be estimated as: 
 
)/(][4 3 aCeYZrT NazMyMxM ⋅++=ρ             (15) 
 
with 4 formulary units of (ZrxYyCez)O1.93 present in one lattice cell. 
Relative densities (in percent of the theoretical density) of the pellets are taken to be the ratio 
between the experimental density (ρS or ρG) and ρT.  
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4.4.6 Dilatometry measurements 
 
 The sintering behavior of pellets was also studied by dilatometry (DIL 402C, Netzsch) from 
room temperature to 1600°C with a heating rate of 5°C/min. The height of the pellet is 
measured continuously during heating by contact rods. The rods expansion is calibrated and 
the variations of height of the pellets are normalized relatively to the initial height. 
 
4.5 Chemicals, materials and apparatus 
 
4.5.1 Chemicals 
 
- ZrOCl2·8H2O, (99.9% pure), Alfa Aesar  
- Y(NO3)3·6H2O, (99.9% pure), Alfa Aesar  
- Ce(NO3)3·6H2O, (99.9% pure), Alfa Aesar  
- Urea (p.a. grade), Merck 
- Hexamethylenetetramine (HMTA, synthesis grade), Merck  
- Nitric acid 69%, Merck  
- Nitric acid 65% Suprapur, Merck, for ICP-MS 
- Oxalic acid, Merck 
- Carbon tetrachloride, Merck  
- Ammonium hydroxide solution 25% in water, Fluka  
- Acetylacetone (> 99.5% pure), Fluka  
- Silicone oil Rhodorsil 47 V 500, 500cps, VWR 
- Deionised water (18.2 MΩ) 
- Zinc stearate, Merck 
- Diethyl ether, KMF 
 
4.5.2 Materials 
 
- Plastic syringe 50mL 
- Büchner filtration system 
- Round filter papers, diameter 110 mm 
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- Agitation rotors 
- Plastic syringes 1 mL 
- Syringe filters 0.22 µm, Millipore 
- 10 mL and 50 mL polyethylene vials for ICP-MS 
- Eppendorf pipettes, 50 µL, 100 µL, 500 µL, 1000 µL 
- Mortar and pestle for crushing and/or milling solid samples 
- Calibration set for DSC (temperature and enthalpy) 
 
4.5.3 Other apparatus 
 
- A pH meter 691, Metrohm, using 3 mol/L KCl (pH capacity between 0 and 14, 
from 0°C to 80°C) was used for kinetic studies. 
- A 798 MPT Titrino, Metrohm was used to perform titrations automatically. 
- A rotational viscosimeter Viscotester 550, HAAKE was used to determine gelation 
temperatures. 
- A centrifuge Megafuge 1.0, Heraeus was used to separate gels from solutions 
during batch tests. 
- An optical microscope KS 300, Zeiss was used for quick inspection of the surface 
of gels and kernels, and to measure the size of kernels. 
- A scanning electron microscope JSM-840, JEOL coupled with an energy 
dispersive X-ray analyzer (EDX) was used to study the morphological structure of 
gels, kernels and pellets. 
- A syringe pump “Genie”, Kent was used for kernels preparation.  
- A conductivity meter LF92, WTW was used to control the washing of kernels.  
- A drying oven T12, Heraeus Instrument, with heating capacity from room 
temperature to 250°C was used to complete the drying of gels and kernels prior to 
calcination or SEM observation.  
- A calcination oven M110, Heraeus Service, with a maximum temperature of 
1100°C was used for the slow calcination of kernels.  
- A uniaxial press Oehlgass, Hahn & Kolb, with operating pressure up to 900 MPa 
was used for preparation of pellets.  
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- A high temperature furnace HT 1800, Linn, with M. Molybdenum heating 
elements and a maximum temperature of 1750°C was used for sintering and 
thermal etching of pellets.  
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5. Results and Discussion 
 
 
5.1 Introduction 
 
During the present thesis, fabrication of kernels was first attempted, using data obtained from 
literature, particularly Arima et al. [66]. The goal was to assess the feasibility of internal 
gelation for zirconium, yttrium, cerium compounds, and to identify problems or difficulties 
that might occur at each step of the process. At the same time, the influence of the cerium 
concentration on the kernels properties was studied. However, numerous problems were 
encountered, and it became clear that the parameters needed optimization, especially the 
quantities of urea and HMTA present in the broth. Therefore, viscosity experiments were 
performed with different broth compositions, to optimize the properties of the gels obtained, 
but also to have a better idea of the role of HMTA and urea on gelation. The interesting 
compositions thus obtained were then applied for the preparation of new kernels. Some 
improvements of the properties were observed, but they were not satisfactory enough. 
Moreover, it was found during the characterization of these kernels that losses of material did 
occur. Therefore, more basic studies on the role of urea and HMTA were performed, such as 
titrations and co-precipitation experiments, along with studies on the losses occurring during 
gelation. The results of these studies were then applied to the preparation of a new series of 
kernels. In parallel to these studies, it was decided to examine the effect of acetylacetone 
(C5H8O2) on internal gelation, instead of urea. This was done by viscosimetry experiments 
and kernels preparation. Moreover, pelletization of the kernels produced with urea was 
performed, as sol-gel microsphere pelletization is an interesting method extensively studied 
for fuel fabrication [56-60]. Conditions to obtain a high density of pellets were then 
researched. 
 
For reasons of the structure of the thesis, a different arrangement will be used in this work to 
describe the results obtained. First the studies on solutions and gels will be presented, which 
are used to determine the role of urea and HMTA, and to find optimized broth compositions 
for kernels preparation. These studies correspond to co-precipitation experiments, 
potentiometric titrations, viscosimetry experiments and losses studies. After that the results 
obtained during kernels preparation and characterization will be presented. Then the results of 
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the utilization of acetylacetone as alternative to urea will be discussed in chapter 5.4. Finally, 
the work performed on pelletization of microspheres will be described in chapter 5.5. 
 
5.2 Preliminary studies on gelation 
 
In order to define the conditions allowing optimized properties of kernels, the role of HMTA 
and urea during gelation was studied. The mechanisms of hydrolysis of the metal ions were 
also studied, in order to better understand the system. It was already known that HMTA is the 
main driving force of the reaction. According to literature, the role of urea is to catalyze 
HMTA decomposition [62]. It had been expected that the complexation of uranyl ions by urea 
was also true for other metallic cations [64]. According to literature, urea also plays a role in 
the mechanical properties of the gel [71]. It mainly causes pore widening and creation, 
probably due to the formation and subsequent decomposition of intermediates compounds. It 
also causes a reduction of the particle size. 
 
5.2.1 Study of metal hydrolysis: co-precipitation experiment 
 
A co-precipitation experiment (see part 4.1.2 for experimental details) was performed to 
observe the hydrolysis conditions of zirconium, yttrium and cerium compounds in presence of 
urea. Figure 18 shows the evolution of pH and the normalized concentration of Zr, Y and Ce 
with time. The pH increases slowly during 7.5 min, then increases quickly from 3 to 4.5. 
During the increase of pH, the concentration of zirconium in solution drops drastically.  
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Figure 18. Evolution of pH and normalized concentration of Zr, Y, Ce with time during a co-
precipitation experiment with a solution containing 74 mol% Zr, 14 mol% Y, 12 mol% Ce 
(2.5·10-2 mol/L of Zr, 4.8·10-3 mol/L of Y, 3.9·10-3 mol/L of Ce), and 1 mol urea per mol 
metal (3.3·10-2 mol/L of urea). 
 
Therefore, the hydrolysis reaction involved first corresponds to the precipitation of zirconium, 
which is present in solution as a polymetallic cation [72, 73]) (see eq. 16). 
 
[ ] [ ] ++ +⋅→+ HOHOHZrOHOHOHZr 816)(8)()( 21642816284  log K = 6 [74]  (16) 
 
After that, the concentration of yttrium in solution starts decreasing from 8 to 12 min after the 
start of experiment. Nearly at the same time, a decrease of cerium concentration from 8.5 to 
12 min is to be seen. Therefore the influence of Y and Ce cannot be differentiated. 
 
During this time, pH increases up to 8, at a moderate speed up to 11 min, then steeply. The 
precipitation of yttrium and cerium occurs during this period (see eq. 17 and 18) 
 
++ +→+ HOHYOHY 3)(3 323    log K = -17.5 [74]   (17) 
 
++ +→+ HOHCeOHCe 3)(3 323    log K = -19.8 [75]   (18) 
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In summary, a sequential precipitation of zirconium, yttrium, and cerium is observed. 
Zirconium hydroxide precipitates at pH 3, whereas the trivalent cations Y and Ce precipitate 
at pH 5 to 6. These results are similar to those observed by Barrier [47], who did not use urea. 
A pH of Zr precipitation closer to the pH of Y and Ce precipitation would have been expected 
if urea complexes Zr. Therefore, the effect of urea on metal hydrolysis will be studied more 
precisely.  
 
5.2.2 Potentiometric titrations: effect of urea on metal ions 
 
The effect of urea on metal ions was investigated by potentiometric titrations, as described in 
part 4.1.1). The variation of pH with the volume of base added (sodium hydroxide 0.1 mol/L 
or ammonium hydroxide 0.1 mol/L) was measured for different metal solutions (0.1 mol/L Zr, 
0.1 mol/L Y, 0.1 mol/L Ce or a mixture of 0.1 mol/L Zr + 0.1 mol/L Y + 0.1 mol/L Ce), in the 
presence or not of urea (0.1 mol/L), and at different temperatures (4°C and 25°C). 
Ammonium hydroxide was used because it is the same base formed during internal gelation. 
The precipitation of zirconium starts at pH 4 and causes a steep increase of pH (see Figure 
19a), which corresponds to what was observed during co-precipitation (eq.16). No difference 
was observed in the presence of urea. The precipitation of yttrium occurs at pH 8 with a slow 
pH increase (see Figure 19b) and the precipitation of cerium occurs at pH 9, again with a slow 
pH increase (see Figure 19c). This is again in accordance with the results obtained by the co-
precipitation experiment. Still no difference was observed in presence of urea. When the three 
metal ions are present in solution, a first pH increase occurs between pH 4 and 5, followed by 
a slower increase up to pH 7.5 (see Figure 19d). This is the same curve as for the co-
precipitation experiment and no change is observed in presence of urea. Using sodium 
hydroxide instead of ammonium hydroxide does not modify much the titration curve (Figure 
19e), only a higher final pH is observed, due to the stronger basicity of sodium hydroxide. In 
all cases, no delay in pH increase was observed in the presence of urea. This proves that no 
complex was formed between urea and zirconium, yttrium or cerium, in contrast to the case of 
uranium (see eq. 1), as described in the work of Collins et al. [62].  
 
[ ] ++ ↔+ 222222222 )()(2 NHCOUONHCOUO        (1) 
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a: 0.1 mol/L Zr, titration by 0.1 mol/L NH4OH, 25°C. pHini: 3.2 
b: 0.1 mol/L Y, titration by 0.1 mol/L NH4OH, 25°C. pHini: 6.9 
c: 0.1 mol/L Ce, titration by 0.1 mol/L NH4OH, 25°C. pHini: 8.1 
d: 0.1 mol/L Zr, 0.1 mol/L Y, 0.1 mol/L Ce, titration by 0.1 mol/L NH4OH, 25°C. pHini: 3.3 
e: 0.1 mol/L Zr, titration by 0.1 mol/L NaOH, 25°C. pHini: 3.0 
f: 0.1 mol/L Zr, titration by 0.1 mol/L NH4OH, 4°C. pHini: 3.1 
 
Figure 19. Titration of solutions containing Zr, Y and Ce in the presence or not of 0.1 mol/L 
urea. 
   
It is possible that an eventual complex between urea and zirconium could be only stable at 
low temperature. However a titration performed at 4°C did not show any significant 
difference (Figure 19f). Only a slower pH increase was observed compared to 25°C, possibly 
due to a reduced activity caused by the lower temperature. Similar studies performed at CEA 
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also indicated the absence of a complexation effect of urea on zirconium, yttrium or cerium 
[76].  
 
5.2.3 Kinetic effects of HMTA decomposition and influence of urea and 
temperature 
 
The influence of urea and the temperature on the kinetics of protonation and decomposition of 
HMTA according to eq. 2 and 3 was investigated. The evolution of pH of initial nitric acid 
solutions by the addition of different quantities of HMTA and urea, at different temperatures, 
was recorded versus time (see part 4.1.1). The initial nitric acid concentration of 0.5 mol/L is 
interesting, as it corresponds to the acidity that can be obtained after a partitioning process 
(e.g. SANEX). As can be observed in Figure 20, for 0.25 mol/L of HMTA, a quick pH 
increase is observed initially after the addition (time 0), with a weak amplitude (~0.3 pH units 
without urea, ~0.4 pH units with urea). This corresponds to protonation of HMTA (eq. 2). 
Due to the weak basicity of urea, a slightly higher increase is observed when it is present. 
 
[ ]++ ↔+ HNCHHNCH 462462 )()(         (2) 
 
The results in Figure 20 show that at a temperature of 5°C, no further pH evolution is 
observed. At 25°C, a very slow pH increase is then observed (0.2 pH units in ~10 min), only 
in presence of urea. This tends to indicate that HMTA decomposition (eq. 3) does not readily 
happen at these temperatures, but is supported by urea. 
 
[ ] OCHNONHNOHHNCH 2343462 64443)( ++→++ −+−++      (3) 
 
At 50°C, a pH increase is evident, even without urea. This increase is however faster when 
urea is present (0.1 pH units per min without urea, 0.2 pH units per min with urea). At this 
temperature, HMTA decomposition is clearly to be seen, and it is indeed catalyzed by urea, 
which was already observed by Collins et al. [62]. This decomposition is also favored at 
higher temperatures. Finally, at 75°C, a fast pH increase is observed, followed by an approach 
to equilibrium. No clear effect of urea is observed at this temperature. This indicates that the 
effect of urea on HMTA decomposition is not dominant compared to the temperature effect. 
This was also observed by Collins [62]. 
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Figure 20. Evolution of pH of initial 0.5 mol/L nitric acid after addition of HMTA or a 
mixture of HMTA and urea to 0.25 mol/L at different temperatures with time. 
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When the quantity of HMTA and urea is increased to 0.5 mol/L, a quick pH increase is 
observed initially, and the rate and amplitude increased with temperature (Figure 21). This 
tends to indicate that HMTA decomposition happens faster, right after protonation. The effect 
of urea also appears less, with only a small improvement most noticeable at 50°C. It can also 
be observed that the final pH reached is higher than with lower quantities of HMTA 
(0.25 mol/L) and urea (0.25 mol/L), which is logical due to the basic character of both 
compounds. However, the pH obtained after decomposition of HMTA is always less than 6, 
and pH > 6 would be needed for precipitation of trivalent ions (see 5.2.2 and [74]). The 
gelation of zirconium is possible and it can retain the trivalent ions inside its structure. 
However, an incomplete gelation of Y and Ce is possible, which would lead to losses. This 
possibility will be studied in a further part of this work. 
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Figure 21. Evolution of pH of initial 0.5 mol/L nitric acid after addition of HMTA or a 
mixture of HMTA and urea to 0.5 mol/L at different temperatures with time. 
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5.2.4 Determination of gelation temperature by viscosimetry  
 
In order to adjust the process parameters, it is useful to determine the gelation temperature of 
broths with different compositions of metal, HMTA, and urea. This can be done visually, as 
the solution becomes opaque when it solidifies, but a more precise determination can be 
obtained by viscosimetry measurements. As described in part 4.2, such measurements are 
performed on broths with a total metal concentration of 0.8 mol/L and a molar composition of 
76% Zr, 14% Y and 10% Ce. Gelation temperatures are defined as the temperature 
corresponding to a sharp increase of viscosity, typically from 50 mPa·s initially to over 
400 mPa·s, as can be seen in Figure 22 for a constant RU = 0.75 and variable HMTA 
concentration. It can be observed that the gelation temperature decreases from 82°C to 60°C 
when the quantity of HMTA increases at constant RU. This corresponds to an increase in 
reactivity, which favors gelation (see eq. 2 and 3).  
 
[ ]++ ↔+ HNCHHNCH 462462 )()(         (2) 
 
[ ] OCHNONHNOHHNCH 2343462 64443)( ++→++ −+−++      (3) 
 
Gelation temperatures for all broth compositions successfully studied are summarized in 
Figure 23. It is observed that the gelation temperature decreases from 85°C to 55°C when the 
quantity of urea (at fixed HMTA concentration) or HMTA (at fixed urea concentration) 
increases. The effect of HMTA on gelation temperature confirms what was observed for 
RU = 0.75. On the other hand, the catalytic effect of urea on HMTA decomposition (see 
part 5.2.3) also allows an increase of reactivity and therefore a decrease of gelation 
temperature when the quantity of urea increases.  
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Figure 22. Evolution of the viscosity of broths containing 76 mol% Zr, 14 mol% Y, 10 mol% 
Ce with a total metal concentration 0.8 mol/L, and prepared with RU = 0.75 and different 
values of RH, with temperature. 
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Figure 23. Gelation temperature of broths containing different amounts of urea and HMTA, 
as measured by viscosimetry. 
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These results show the importance of the influence of the quantity of urea and HMTA in the 
broth on the gelation, which must be finely tuned in. Indeed, a too high gelation temperature 
would cause defects and aggregation of kernels at the bottom of the gelation column due to a 
limited gelation, as the temperature of operation was limited to less than 100°C. Conversely, a 
too low gelation temperature might cause a premature gelation of the broth, which would 
need to be remediated by cooling the drop formation apparatus. These effects have been 
observed for broth compositions outside of the range shown here. Too much HMTA 
(RH > 0.8) caused immediate gelation at 3°C, whereas not enough HMTA (RH < 0.2) yielded 
only urea-driven gelation after heating to 90°C and waiting for one day, due to urea thermal 
decomposition at 90°C (see eq. 19) [51].  
 
OHNHCOOHNHCO 232222 223)( ++→+       (19) 
 
The quantity of urea and HMTA present in the broth is also expected to play a role on the gel 
structure. The gels obtained after viscosimetry measurements were therefore dried at 110°C 
and their structure observed by scanning electron microscope (SEM). In the absence of urea, 
(see Figure 24), the gels are constituted of densely packed brittle agglomerates, with no trace 
of surface porosity. This structure does not vary with the quantity of HMTA. 
 
  
RU = 0.0 RH = 0.2             a) RU = 0.0 RH = 0.4             b) 
 
Figure 24. Structure of gels of Zr0.76Y0.14Ce0.10O2-x with a total metal concentration of 
0.8 mol/L in the broth dried at 110°C.  
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For an urea ratio lower than 1.5 and for all HMTA ratios, the structure of gels is still 
constituted of densely packed agglomerates, but when more urea is present in the broth 
(RU ≥ 1.5), the structure of gels changes, and varies with the HMTA ratio (Figure 25). When 
it is low (RH ≤ 0.4), the structure is rough, with particles ~2 µm in size seemingly less densely 
packed, albeit still compact. This seems to indicate some porosity in the gel, and is indicative 
of the role of urea as a porosity promoter [71]. However, when the quantity of HMTA 
increases, this roughness of the surface tends to disappear, with a seemingly higher gel 
density. This can be explained by a faster gelation reaction due to the higher quantity of 
HMTA, which increases the density of formed particles [60]. Some microstructure remains, 
similar to the case with an urea ration lower than 1.5. 
 
  
RU = 1.5 RH = 0.4             a) RU = 1.5 RH = 0.6             b) 
  
RU = 2.0 RH = 0.3             c) RU = 2.0 RH = 0.6             d) 
 
Figure 25. Structure of gels of Zr0.76Y0.14Ce0.10O2-x with a metal concentration of 0.8 mol/L in 
the broth dried at 110°C. 
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These results prove that the broth composition itself, more than the kinetics modifications 
implied, plays an important role in the gel structure. A careful optimization of the quantity of 
urea and HMTA present in the broth could permit to select an appropriate gel density. This 
density should be high enough to allow a good sintering of the material, but some porosity 
should remain to improve the stress resistance during thermal treatment and prevent the 
formation of cracks. A promising range of compositions in this regard seems to lie within a 
high quantity of urea (with RU ≥ 1.5) and a relatively low quantity of HMTA (with RH ≤ 0.4). 
 
5.2.5 Determination of gelation yields 
 
During the previous studies (see part 5.2.3), it has been noticed that the pH obtained by 
decomposition of HMTA were lower than what would be required for hydrolysis of yttrium 
and cerium. This has also been observed during studies performed by CEA [76]. Therefore, 
an incomplete gelation might occur, causing a possibility of losses during the washing steps 
(see Figure 26). 
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Figure 26. First steps of kernels preparation by internal gelation. 
 
In order to check this effect, 20 mL of broths with a metal concentration of 0.6 mol/L and 
different compositions of urea and HMTA (precised in Table 6) were placed into a 60 mL 
glass centrifugation tube and heated to 85°C in a thermostated bath under agitation and 
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maintained at this temperature for 15 min after gelation. The gels were then separated by 
centrifugation and the metal amount in the supernatant determined by ICP-MS (the samples 
were filtered through a syringe filter to ensure that no gel particle could affect the analysis). 
After that, the supernatant was removed and the gels were washed by dispersion in 50 mL of 
2 mol/L ammonium hydroxide and agitation during 30 min. The gels were then again 
centrifuged and the metal composition of the washing solution was again measured by ICP-
MS. 
 
Table 6. Broth compositions used to determine the yields of gelation. 
 
RU 0.0 0.0 0.5 0.5 1.0 1.0 1.0 2.0 2.0 2.0 2.0 3.0 3.0 
RH 0.5 0.7 0.5 0.7 0.7 0.9 1.0 0.5 0.7 0.9 1.0 0.9 1.0 
 
As can be seen in Figure 27, up to 13% of the cerium present in the broth stays in the liquid 
phase, whereas almost all the zirconium is present in the gel, with less than 0.5% of losses 
except in one case where they remain at 3.5%. Yttrium has a behavior similar to cerium. 
HMTA decomposition is therefore not enough for a complete gelation. This is a confirmation 
to the potentiometric titrations. An extra aging step is required, for example in ammonium 
hydroxide, to ensure that all metal is fixed into the gel. No clear influence of the broth 
composition on the quantity of losses has been observed. On the other hand, almost no metal 
ions are present in the washing solution, again without any clear influence of broth 
composition (see Figure 28). This means that once a pH high enough for complete gelation is 
obtained, gel leaching is only a weak effect in the washing conditions used. Aging and 
washing in ammonium hydroxide is therefore a viable method. More precisely, it is expected 
that the unreacted metal ions will stay in the kernel while it is in a non-aqueous medium 
(silicone oil), and will be hydrolyzed in ammonium hydroxide and attached to the zirconium 
matrix before being able to migrate out of the kernel. 
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Figure 27. Losses of Zr and Ce in supernatant solution after gelation by heating to 85°C 
during 15 min of a broth containing 76 mol% Zr, 14 mol% Y, 10 mol% Ce, with a total metal 
concentration of 0.8 mol/L. 
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Figure 28. Losses of Zr and Ce in supernatant solution after washing the gels obtained in the 
same conditions as Figure 27 with 2 mol/L ammonium hydroxide. 
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5.2.6 Thermal analysis of gels 
 
The gels obtained after washing (see part 5.2.5) were studied by TG-DSC in order to assess 
the elimination of possible remaining impurities. Two main types of trends were observed 
during heating to 1300°C. First, for RU < 1.0 and all values of RH studied, and for RU = 1.0 
and RH < 0.7 (series I, see for example Figure 29, with RU = 0.5 and RH = 0.7), an 
endothermic mass loss is first observed up to 250°C, corresponding mainly to water 
elimination [66]. After that, two successive mass losses are observed, corresponding to four 
exothermic effects. The maximum of these exothermic effects and corresponding areas are 
given in Table 7. It is observed that the first exothermic effect tends to decrease in intensity 
when the quantity of urea increases, whereas the fourth exothermic effect tends to increase. 
For the gels in series II, with RU = 1.0 and RH > 0.5, and RU > 1.0 for all RH values studied 
(see for example Figure 30 with RU = 2.0 and RH = 1.0), an endothermic mass loss is also 
observed up to 250°C, followed by two successive mass losses. However, only two 
exothermic effects can be distinguished. The maximum temperatures and areas of these 
effects are summarized in Table 8. It is supposed that these effects are in fact a summary of 
several effects, with a similar distribution as for lower urea ratios. They can however not be 
easily separated. It is observed that the second effect tends to increase when the quantity of 
urea and HMTA increase. For both cases, the total mass loss evolves between 45% and 55%, 
and increases with the quantity of urea and HMTA present in the broth, which is coherent. 
These results confirm again the major role played by urea and HMTA on the gels properties. 
It is also interesting to notice that Costa et al. [77] observed a similar curve with two 
exothermic effects when studying the gelation of aluminum nitrate and yttrium nitrate in the 
presence of urea and citric acid. The first effect at 279°C was then associated to a combustion 
process between nitrates and organics and the second effect at 463°C to further combustion of 
the residual organics. In this case, the increase of the second exothermic effect (or the fourth 
for a low quantity of urea) would correspond to an increase of organics left compared to the 
same quantity of nitrates. However, this does not explain the decrease of the first exothermic 
effect. Therefore, more phenomena might occur during this thermal treatment.  
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Figure 29. Thermal analysis of a gel prepared from a broth with 76 mol% Zr, 14 mol% Y and 
10 mol% Ce, and with RU = 0.5 and RH = 0.7. 
 
 
Table 7. Temperature and area of the exothermic effects of gels prepared from a broth with 
76 mol% Zr, 14 mol% Y and 10 mol% Ce, for RU < 1.0 and all values of RH studied, and for 
RU = 1.0 and RH < 0.7 (series I). 
 
RU 0.0 0.0 0.5 0.5 1.0 
RH 0.5 0.7 0.5 0.7 0.5 
T1 (°C) 270 290 280 275 275 
Peak area (J/g) 185 175 129 149 133 
T2 (°C) 330 325 330 330 335 
Peak area (J/g) 20 55 17 11 16 
T3 (°C) 390 400 400 415 415 
Peak area (J/g) 6 7 22 24 21 
T4 (°C) 530 505 545 550 550 
Peak area (J/g) 46 42 82 89 141 
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Figure 30. Thermal analysis of a gel prepared from a broth with 76 mol% Zr, 14 mol% Y and 
10 mol% Ce, and with RU = 2.0 and RH = 1.0. 
 
As increasing the quantity of urea and HMTA in the broth tends to increase the intensity of 
exothermic effects during thermal treatment of the gels, it is important to limit this quantity, 
the exothermic effects being able to cause important stresses to the material. Since it has been 
supposed that a high quantity of urea and a relatively low quantity of HMTA would give a 
favorable structure to the gels even for a relatively high metal concentration, investigations on 
the optimization of broth composition to obtain kernels with good mechanical properties 
during thermal treatment have been performed. 
 
Table 8. Temperature and area of the exothermic effects of gels prepared from broths with 
76 mol% Zr, 14 mol% Y and 10 mol% Ce and different quantities of urea and HMTA (series 
II).  
 
RU 1.0 1.0 1.0 2.0 2.0 2.0 2.0 3.0 3.0 
RH 0.7 0.9 1.0 0.5 0.7 0.9 1.0 0.9 1.0 
T1 (°C) 280 280 280 250 270 275 270 260 255 
Peak area (J/g) 173 166 162 131 193 181 185 147 148 
T2 (°C) 520 535 500 525 500 505 500 475 470 
Peak area (J/g) 800 678 1000 655 1208 1264 1365 1183 1156 
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5.3 Preparation and characterization of kernels 
 
For the fabrication of kernels, the first experiments aimed to assess the effect of the metal on 
the kernels properties, especially the quantity of cerium. The quantity of urea and HMTA 
used was then fixed. After that, new kernels were prepared with a fixed metal composition 
and different quantities of urea and HMTA, using the results of part 5.2. 
 
5.3.1 Fabrication of kernels with different metal contents 
 
Kernels were prepared with different contents of Zr, Y and Ce. Values of RU = 1.05 and 
RH = 1.20 were selected according to the work of Arima et al. [66]. The total metal 
concentration in the broth was 0.8 mol/L (see Table 9).  
 
The gelation process produced good quality kernels, with no surface defects. During washing 
with ammonium hydroxide, the kernels color changed from white to yellow, indicating that 
oxidation of cerium from Ce(III) to Ce(IV) occurred [78]. Due to the strong shrinkage 
observed during drying (see part 4.3.3), this step was performed at room temperature 
overnight in order to prevent the formation of cracks, which was successful. On the contrary, 
quick drying to 110°C in an oven caused cracks formation. 
 
Table 9. Metal content of broths used for kernels preparation using fixed amounts of urea and 
HMTA (RU = 1.05 and RH = 1.20). 
 
Mol/L 0.61 0.59 0.54 0.48 
[Zr] 
Mol% 76 74 67 59 
Mol/L 0.11 0.11 0.10 0.09 
[Y] 
Mol% 14 14 13 11 
Mol/L 0.08 0.10 0.16 0.24 
[Ce] 
Mol% 10 12 20 30 
Mol/L 0.80 0.80 0.80 0.80 
Total 
Mol% 100 100 100 100 
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5.3.1.1 Thermal analysis of kernels 
 
Kernels dried at room temperature were studied by thermal analysis. Figure 31 shows TG-
DSC curves of such kernels in the temperature range from room temperature to 1300°C. They 
were heated at 10°C/min in air atmosphere. The thermal behavior of kernels presents 
similarities with gels: an endothermic mass loss up to 250°C corresponding to water 
elimination, followed by two mass losses. Only one exothermic effect can be however 
distinguished for these mass losses, and it is stronger than for gels. This is partly due to a 
higher concentration of nitrates and organics as compared to gels (which were tested by TG-
DSC with a metal concentration of 0.6 mol/L). The thermal behavior of kernels containing 
different cerium quantities was similar as what is shown in Figure 31. The maximum 
temperature and area of the exothermic effects are summarized in Table 10. It is supposed that 
all exothermic effects observed on gels are still present, but cannot be distinguished anymore, 
due to a higher intensity. As a result, no clear evolution of the peak area with the quantity of 
cerium can be determined. A total mass loss of 50% on average is observed at 1300°C. A 
small mass loss (~1%) is also observed around 1100°C, which can probably be associated to 
elimination of residual hydroxide groups from the material [48, 79].  
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Figure 31. Thermal analysis of kernels prepared from a broth with 67 mol% Zr, 13 mol% Y, 
20 mol% Ce, a total metal concentration of 0.8 mol/L, and with RU = 1.05 and RH = 1.20. The 
analysis was performed from room temperature to 1300°C, at a rate of 10°C/min and in air 
atmosphere. 
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Table 10. Temperature and area of the exothermic peak of kernels with different 
compositions and a total metal concentration of 0.8 mol/L for a broth with RU = 1.05 and 
RH = 1.20.  
 
mol% Ce 10 12 20 30 
Temperature (°C) 345 290 325 330 
Peak area (J/g) 1968 1346 1785 1477 
Total mass loss at 1300°C (%) 53 50 50 44 
 
5.3.1.2 Crystallization behavior of kernels 
 
Among the prepared kernels, those with 74 mol% Zr, 14 mol% Y and 12 mol% Ce were 
studied by X-ray diffraction (XRD) after calcination at 110°C, 450°C, 650°C and 1300°C, in 
order to study the crystallization behavior of the kernels prepared by internal gelation. The 
temperatures were selected according to the result of the thermal analysis (see part 5.3.1.1). 
They correspond to the temperatures before and after the exothermic effects (110°C and 
450°C), and before and after the additional mass loss (650°C and 1300°C). The XRD spectra 
obtained at room temperature are represented in Figure 32. The kernels are amorphous at 
110°C, with no diffraction peaks observed, but crystallization starts at 450°C (with 4.25% of 
relative crystallinity), as can be observed from the broad diffraction peaks present on the 
spectra. As a comparison, similar materials (10 weight% cerium) prepared by co-precipitation 
by Barrier showed a relative crystallinity of ~2% up to 600°C [47]. The crystallization 
progresses at 650°C (with 20.2% of relative crystallinity, compared with 10% for the material 
prepared by co-precipitation) and a totally crystalline material is obtained at 1300°C. This is 
determined by the apparition of more diffraction peaks, along with their sharpening. It is a 
solid solution, which presents an fcc fluorite structure, according to the identification of the 
diffraction peaks and no phase segregation is observed, in accordance with literature [80]. The 
fact that crystallization occurs at a relatively low temperature can be explained by the 
important quantity of energy brought to the system by the exothermic decomposition effects 
of residual organics. The evolution of relative crystallinity with calcination temperature is 
presented in Figure 33. The kernels are first amorphous, and their crystallinity increases 
slowly up to 450°C. After this temperature, the crystallinity increases quickly up to 100% at 
1300°C. A similar behavior was observed by Barrier on powders with a similar composition 
prepared by co-precipitation, but the strong increase of crystallinity occurred at 800°C [47]. 
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Figure 32. XRD spectra of kernels of Zr0.74Y0.14Ce0.12O2-x prepared from a broth with a total 
metal concentration of 0.8 mol/L, RU = 1.05 and RH = 1.20 after calcination at different 
temperatures. The main diffraction lines are identified and correspond to a cubic fluorite 
structure. 
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Figure 33. Evolution of the relative crystallinity degree with temperature for kernels of 
Zr0.74Y0.14Ce0.12O2-x prepared from a broth with a total metal concentration of 0.8 mol/L, 
RU = 1.05 and RH = 1.20. 
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As can be observed in Figure 34, the lattice parameter stabilizes during crystallization to a 
value of 5.179 Å, which is compatible with literature values for a composition of 75 mol% Zr, 
10 mol% Y, 10 mol% Ce, 5 mol% Er [65, 66]. A high error margin is noticeable for 
calcination to 450°C, due the weak crystallinity which causes broad diffraction peaks. 
Moreover, the low number of usable peak to calculate the lattice parameter (see part 4.4.3.1) 
also increases the error. It is interesting to note that the lattice parameter is always higher than 
the lattice parameter of YSZ without cerium addition (5.154 Å at 450°C) [48], which 
indicates that a solid solution of zirconium, yttrium, cerium is formed immediately upon 
crystallization at 450°C. This proves that internal gelation ensures a homogeneous mixture of 
the materials, down to the molecular level. The lattice parameter of kernels calcined to 
1300°C with different cerium concentrations was also determined and found to follow 
Vegard’s law, i.e. a linear dependence of the lattice parameter against the dopant (here 
cerium) concentration (Figure 35). 
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Figure 34. Lattice parameter of kernels of Zr0.74Y0.14Ce0.12O2-x prepared from a broth with a 
total metal concentration of 0.8 mol/L, RU = 1.05 and RH = 1.20 after calcination at different 
temperatures. 
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Figure 35. Lattice parameter of kernels with different metal compositions after calcination at 
1300°C and comparisons with powders prepared by co-precipitation by Barrier [47].  
 
5.3.1.3 Structure of kernels 
 
The surface structure of kernels heated at 1300°C was studied by SEM for different metal 
contents. It was observed a configuration of round nanoparticles (Figure 36), whose size 
increases from 200 to 225 nm on average when the quantity of cerium increases. The surface 
of the cerium-rich kernels (30 mol%) shows obviously a more porous appearance. It is 
however unknown if this increase of agglomerate size has an effect on final density. 
Unfortunately the kernels were severely cracked after this thermal treatment (Figure 37). 
These cracks are due to the strong exothermic decomposition observed, along with the 
elimination of gases thus formed. By reducing the heating rate down to 0.5°C/min, no 
improvement of the quality of kernels was observed. It was concluded that an optimization of 
the broth composition, which was found to have an important effect on the gel structure and 
properties, was required. 
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76 mol% Zr, 14 mol% Y, 10 mol% Ce         a) 74 mol% Zr, 14 mol% Y, 12 mol% Ce         b) 
  
67 mol% Zr, 13 mol% Y, 20 mol% Ce         c) 59 mol% Zr, 11 mol% Y, 30 mol% Ce         d) 
 
Figure 36. Surface structure of kernels prepared from a broth with a total metal concentration 
of 0.8 mol/L, RU = 1.05, RH = 1.20, and after calcination at 1300°C. 
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Figure 37. Global view of a kernel prepared from a broth with 76 mol% Zr, 14 mol% Y, 
10 mol% Ce, a total metal concentration 0.8 mol/L, RU = 1.05, RH = 1.20, after calcination at 
1300°C. 
 
5.3.2 Fabrication of kernels with fixed metal concentration, influence of 
urea and HMTA 
 
In this chapter, kernels were prepared from a broth with a fixed metal content of 76 mol% Zr, 
14 mol% Y and 10 mol% Ce, and a total metal concentration kept at 0.8 mol/L. The influence 
of HMTA and urea in the broth was studied. According to gel studies (see part 5.2.4), broth 
compositions in urea and HMTA were selected in both the dense and porous domains of the 
previously studied gels (see Figure 23 and Figure 25). Detailed broth compositions are listed 
in Table 11. 
 
Table 11. Different broth compositions studied for the preparation of kernels with the 
composition of 76 mol% Zr, 14 mol% Y, 10 mol% Ce. The total metal concentration was 
0.8 mol/L in the mixed broth. 
 
Batch number 1 2 3 4 5 6 7 8 
RU (urea/metal) 0.00 0.50 0.75 1.00 1.50 1.50 2.00 2.00 
Urea concentration (mol/L) 0.00 0.40 0.60 0.80 1.20 1.20 1.60 1.60 
RH (HMTA/metal) 0.60 0.60 0.56 0.56 0.30 0.40 0.30 0.40 
HMTA concentration (mol/L) 0.36 0.36 0.34 0.34 0.18 0.24 0.18 0.24 
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For all compositions studied, good quality kernels were obtained after gelation in 90°C 
silicone oil. After aging for 30 min in silicone oil, washing (CCl4, ammonium hydroxide 
2 mol/L, water) and drying at room temperature, the kernels presented a homogeneous size 
distribution, with a Gaussian distribution centered around 1 mm (Figure 38). 
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Figure 38. Size distribution of room temperature dried kernels with 76 mol% Zr, 14 mol% Y, 
10 mol% Ce prepared from a broth with RU = 1.5 and RH = 0.3 (batch 5). 106 kernels were 
measured. 
 
5.3.2.1 Thermal analysis of kernels 
 
The kernels from the batches 1 to 8 (Table 11) were analyzed by TG-DSC. The thermal 
behavior of the kernels prepared with urea in the broth was similar as reported in part 5.3.1.1 
(see Figure 31). As shown in Figure 39, endothermic elimination of water occurred, followed 
by a strong exothermic effect presenting a peak at T1, and an additional exothermic effect at a 
temperature T2. The latter, with no mass loss, is probably linked to crystallization effects in 
the material. A mass loss of 40% on average is observed during heating up to 1300°C, which 
is lower than the previous case (50%, see Figure 31), due to a reduced amount of HMTA in 
the broth. A summary of the thermal analysis for the samples 2 to 8 is presented in Table 12. 
It includes the peak areas and maximum temperature of the two exothermic effects, and the 
total mass loss. 
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Figure 39. The results of thermogravimetry (TG) and differential scanning calorimetry (DSC) 
for kernels with 76 mol% Zr, 14 mol% Y, 10 mol% Ce prepared from a broth with RU = 1.5 
and RH = 0.3 (batch 5, see Table 11). 
 
Table 12. Temperatures, peak areas of the exothermic effects and total mass losses observed 
during thermal treatment of kernels dried at room temperature with 76 mol% Zr, 14 mol% Y, 
10 mol% Ce for different broth compositions (batch 2 to 8, see Table 11). 
 
Batch no. RU RH T1 (°C) Peak area (J/g) T2 (°C) Peak area (J/g) Total mass loss (%) 
2 0.5 0.6 276 346 434 59 36 
3 0.75 0.56 279 988 453 33 45 
4 1.0 0.56 311 1408 473 11 47 
5 1.5 0.3 268 511 449 47 34 
6 1.5 0.4 288 986 466 46 39 
7 2.0 0.3 281 502 458 62 33 
8 2.0 0.4 286 921 460 54 39 
 
It is observed that increasing the quantity of urea and HMTA increases the area of the first 
exothermic effect, which corresponds indeed to the decomposition of residual organic 
impurities of HMTA and urea. On the other hand, such an exothermic decomposition effect 
was not observed when urea was absent from the broth (batch 1, see Figure 40). Only the 
exothermic effect at 452°C linked to crystallization effects and an extra exothermic effect at 
405°C supposedly corresponding to the decomposition of residual silicone oil are observed 
after an endothermic decomposition. This indicates that a mixture of urea and HMTA (or their 
decomposition products) is required for an exothermic decomposition. 
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Figure 40. Thermal analysis of kernels with 76 mol% Zr, 14 mol% Y, 10 mol% Ce prepared 
from a broth with RU = 0.0 (no urea) and RH = 0.6 (batch 1). 
 
5.3.2.2 Thermal degradation of urea, HMTA and a mixture of both 
products 
 
To explain the effects observed during the thermal treatment of kernels, TG-DSC analyses 
were conducted with urea, hexamethylenetetramine (HMTA), and a mixture of both. All pure 
products were diluted in inert aluminum oxide, with a concentration of 10 weight%. As can 
be seen in Figure 41, HMTA underwent sublimation and decomposition at 205°C with an 
endothermic effect, as observed by Gusev et al. [81]. The main gaseous products are ammonia 
and methane, and in a less amount hydrogen and nitrogen. Only the matrix remains at 500°C. 
On the other hand, urea showed four endothermic peaks (see Figure 42) corresponding first to 
melting of urea at 130°C, then to decomposition of urea into cyanic acid HNCO and ammonia 
(see eq. 20), and production of biuret NH(CONH2)2 (see eq. 21) at 190°C.  
 
HNCONHNHCO +→ 322 )(         (20) 
 
2222 )()( CONHNHHNCONHCO →+        (21) 
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The decomposition of biuret and production of cyanuric acid (CONH)3, cyanic acid and 
ammonia at 230°C (see eq. 22), and decomposition of cyanuric acid at 310°C (see eq. 23) 
were then observed, in accordance with literature [82]. Each of the decomposition steps was 
associated with a mass loss. The decomposition was complete at 400°C, only Al2O3 remained. 
 
3322 2)()(2 NHHNCOCONHCONHNH ++→       (22) 
 
HNCOCONH 3)( 3 →          (23) 
 
Finally, as can be seen in Figure 43 the mixture of urea and HMTA presented first 
endothermic effects at 130°C, 170°C and 260°C, which can be associated with decomposition 
steps, along with a possible melting of urea, followed by a big exothermic effect at 360°C, 
corresponding to reactions between the decomposition products of HMTA and urea. Two 
distinct mass losses were observed. Complete decomposition was complete at 600°C. These 
results confirm that exothermic decomposition occurs only when a mixture of urea and 
HMTA is present. Urea or HMTA alone produces only endothermic decompositions. 
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Figure 41. Thermal analysis of HMTA in air (~12 weight% HMTA in Al2O3).  
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Figure 42. Thermal analysis of urea in air (~8 weight% urea in Al2O3). 
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Figure 43. Thermal analysis of a 50/50 (g/g) mixture of urea and HMTA in air (~5 weight% 
urea and ~5 weight% HMTA in Al2O3). 
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5.3.2.3 Thermal analysis of kernels under inert atmosphere 
 
Kernels from batch 4 (see Table 11) were investigated under nitrogen atmosphere by thermal 
analysis, in order to determine additional information on the thermal behavior of kernels, 
especially whether the decompositions observed are oxidations. The TG-DSC curve is shown 
in Figure 44. It was observed that the exothermic decomposition around 300°C did not occur, 
only endothermic effects at temperatures lower than 300°C and an exothermic peak without 
mass loss at 810°C were observed. The latter peak possibly corresponds to crystallization of 
the material. Indeed, it had been observed that the exothermic decomposition brought energy 
to the material and promoted crystallization between 200°C and 450°C (see part 5.3.1.2). 
Without this exothermic effect, the crystallization shifts to higher temperatures. Moreover, the 
kernels were black after this heat treatment up to 1300°C, indicating the presence of carbon or 
perhaps the formation of carbides. Therefore, it can be clearly concluded that an oxidation of 
organic compounds usually occur around 300°C. The fact that the carbon was observed in the 
mass of the kernel also indicates that these organic products are deeply embedded into the 
matrix, where no washing step can fully remove them.  
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Figure 44. Thermal analysis of kernels prepared from a broth with 76 mol% Zr, 14 mol% Y, 
10 mol% Ce, and with RU = 1.00 and RH = 0.56, under N2 atmosphere. 
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The total mass loss is comparable to the mass loss during thermal analysis of kernels from the 
same batch under air atmosphere (~50%). A lower mass loss would have been expected, due 
to carbon remaining in the kernels instead of being decomposed. 
 
5.3.2.4 Crystallization behavior of kernels and conclusions on losses 
 
After calcination in air at different temperatures, the kernels were studied by XRD. A fluorite 
structure with no secondary phase was observed from 390°C, similarly as for previous kernels 
(see part 5.3.1.2). The evolution of relative crystallinity with temperature for kernels prepared 
with RU = 2.0 and RH = 0.4 (batch 8) is presented in Figure 45. It is lower than 5% up to 
200°C, the material is nearly amorphous. At 390°C, crystallization has already started, with a 
crystallinity higher than 15% (compare to ~1% for powders prepared by co-precipitation [47]) 
and increases slowly up to 600°C. After that, the crystallinity increases steeply up to 100% at 
1300°C. The crystallinity rates were found similar for all broth compositions, and increased in 
the same way with calcination temperature (see Table 13). This behavior is again similar to 
powders prepared by co-precipitation, but with lower crystallization temperatures (start of 
crystallization occurred at 500°C, and steep increase of crystallinity rate at 800°C) [47].  
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Figure 45. Evolution of the relative crystallinity degree of kernels with 76 mol% Zr, 14 mol% 
Y, 10 mol% Ce prepared from a broth with RU = 2.0 and RH = 0.4 as a function of the 
calcination temperature. 
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The lattice parameters after calcination at 1300°C are summarized in Table 14. All values are 
close to 5.16 Å. However, the theoretical value for the target composition (76 mol% Zr, 
14 mol% Y, 10 mol% Ce) according to the work of Kim [83] is 5.168 Å. Therefore, the lower 
values observed correspond to a lower quantity of Y and/or Ce than expected. This confirms 
the occurrence of losses due to incomplete gelation, as was expected from gels (see 
part 5.2.5).  
 
Table 13. Percentage of relative crystallinity of kernels with 76 mol% Zr, 14 mol% Y, 
10 mol% Ce prepared from different broth compositions after calcination at different 
temperatures. 
 
Batch no.* 1 2 3 4 5 6 7 8 
Temperature (°C)  Relative crystallinity G (%) 
 110 2.8 2.5 4 3.5 4 3.5 4.3 3.1 
200 5.1 4.3 5.5 4.6 5.2 4.6 6.6 4.5 
390 15 17 16 14 15.2 15 16 18 
430 19 17 16 14 19.4 15 21 18 
600 29 40 32 25 27 25 34 25 
1300 100 100 100 100 100 100 100 100 
   * see Table 11 
 
Table 14. Lattice parameter of kernels with 76 mol% Zr, 14 mol% Y, 10 mol% Ce prepared 
from different broth compositions after calcination at 1300°C. 
 
Batch number RU RH Lattice parameter a (Å) 
1 0.00 0.60 5.1587 ± 0.0022 
2 0.50 0.60 5.1627 ± 0.0019 
3 0.75 0.56 5.1615 ± 0.0022 
4 1.00 0.56 5.1591 ± 0.0029 
5 1.50 0.30 5.1610 ± 0.0021 
6 1.50 0.40 5.1605 ± 0.0021 
7 2.00 0.30 5.1567 ± 0.0032 
8 2.00 0.40 5.1577 ± 0.0032 
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The determination of losses in the washing steps during kernels fabrication was therefore 
studied in more details. After washing with ammonia and water, the concentration of Zr, Y 
and Ce in the washing solutions were determined by ICP-MS (see part 4.4.1). The cumulative 
losses during these washing steps are shown in Figure 46 for kernels prepared with RU = 1.5 
and RH = 0.3 (batch 5). During the first washing step, 2.4% of cerium, 2.6% of yttrium and 
only 0.5% of zirconium are lost. Further additional washing steps only slightly increase the 
losses. At the end of the washing, an equilibrium is attained. Around 3% of cerium and 
yttrium is lost, and less than 0.8% of zirconium, even if it is the main constituent of the 
kernels. This was however expected, as zirconium hydrolysis allows the formation of a 
matrix, in which yttrium and cerium will be embedded. A similar behavior was observed for 
all batches. These losses are again the proof of incomplete gelation. The fact that most of the 
losses occur prior or during the first washing step confirms that the problem comes more from 
incomplete gelation than leaching during washing, as was observed for gels (see Figure 27 
and Figure 28, in part 5.2.5). This value of 3% losses is however relatively low, with an 
almost negligible impact on the kernel composition (see Table 15 for an example with 
RU = 1.5 and RH = 0.3), and the metal ions present in the wash effluents could be recycled 
into a new broth with fresh zirconium. Moreover, a more careful aging of 30 min in 
ammonium hydroxide 2 mol/L and washing procedure might further reduce the amount of 
metal ions removed from the kernels prior to completion of gelation by ammonium 
hydroxide. 
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Figure 46. Evolution of the quantity of losses during washing of kernels with 76 mol% Zr, 
14 mol% Y, 10 mol% Ce prepared from a broth with RU = 1.5 and RH = 0.3. 
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Table 15. Composition in Zr, Y, Ce, of kernels prepared from a broth with RU = 1.5 and 
RH = 0.3 for each successive washing step. 
 
washing step 
composition of 
material (%) 
Initial 
broth 300 mL 
NH3 
600 mL 
NH3 
900 mL 
NH3 
1200 mL 
NH3 
300 mL 
water 
600 mL 
water 
900 mL 
water 
Ce 10.00 9.87 9.86 9.85 9.85 9.85 9.85 9.84 
Y 14.00 13.76 13.75 13.75 13.74 13.73 13.73 13.73 
Zr 76.00 76.37 76.39 76.40 76.41 76.42 76.42 76.43 
 
5.3.2.5 Surface structure of kernels 
 
The structural modifications of kernels of Zr0.76Y0.14Ce0.10O2-x prepared with different broth 
compositions were studied by SEM after drying at 110°C. As for gels, no microstructure is 
observed with no urea in the broth (Figure 47a). This corresponds to hard agglomerates. If 
RU < 1.5, a similar microstructure is observed. On the other hand, the surface density 
decreases when the quantity of urea increases to RU ≥ 1.5 and for RH ≤ 0.4. Some porosity 
seems then to appear (Figure 47b and c). The microstructure size remains at ~1 µm and is 
typical of soft agglomerates. 
 
Only minor cracks were observed in the kernels with such a porous structure up to 110°C 
(Figure 48a), in contrast with more dense structures (Figure 48b). Unfortunately, heating at 
temperatures higher than 110°C led to the observation of more cracks, regardless of the 
selected broth composition and calcination temperature. Additionally, kernels prepared 
without urea in the broth were found completely broken after thermal treatment. This proves 
the importance of urea in the improvement of the mechanical properties of the material 
[65, 71]. Indeed, urea brings porosity to the material upon decomposition, and this porosity 
gives paths for the gaseous decomposition products to escape. The stresses on the kernels are 
therefore reduced, and their mechanical properties improved. In conclusion, even if urea is 
responsible for exothermic decompositions in the kernels (see part 5.3.2.1), removing it from 
the broth is not favorable. Indeed the improvement of mechanical properties more than 
balances the drawback of exothermic decompositions. 
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RU = 0.0 RH = 0.6             a) 
  
RU = 1.5 RH = 0.3             b) RU = 2.0 RH = 0.4             c) 
Figure 47. Structure of kernels of Zr0.76Y0.14Ce0.10O2-x with a total metal concentration of 
0.8 mol/L after drying at 110°C. 
 
 
 
RU = 1.50 RH = 0.30             a) RU = 1.00 RH = 0.56             b) 
Figure 48. SEM picture of kernels with 76 mol% Zr, 14 mol% Y, 10 mol% Ce with a total 
metal concentration of 0.8 mol/L after thermal treatment up to 110°C. 
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5.3.2.6 Fabrication of kernels with a reduced size by using a vibrating 
nozzle 
 
Reducing the size of the kernels might have a positive impact on the resistance to cracks 
formation, due to a shorter path for gas release. This can be achieved by applying vibration to 
the nozzle used for droplets formation [84]. Parameters such as the flow rate and the vibration 
frequency can be tuned to obtain a stream of small droplets of uniform size. Unfortunately, 
these parameters could not have been optimized. Either droplets as big as without vibration or 
small droplets with a wide size distribution were obtained (Figure 49, compare with Figure 
38). Moreover, the droplets are strongly decelerated when entering the viscous silicone oil, 
especially if their size is reduced. This phenomenon associated to a high flow rate, which is 
required to reduce the droplets size, cause an agglomeration of the droplets under the liquid 
surface. It is also important to notice that this process was mainly used with external gelation 
(see part 2.3.2.2). In this case, the sol had a slightly higher viscosity (25 mPa·s [55] compared 
to approximately 15 mPa·s in this study) and was partly neutralized, which allowed an easier 
formation of smaller droplets.  
 
Moreover, a start of gelation in ammonia atmosphere and a lower viscosity of the gelation 
medium (ammonium hydroxide solution or methylisobutylketone) compared to silicone oil 
permitted to have fewer aggregation effects than what was observed in this study. Indeed, the 
droplets obtained by external gelation were already partly solid during the contact with the 
liquid surface, which reduced their chances of merging together. The lower viscosity of the 
gelation medium allowed a reduced deceleration and thus reduced the chances for two kernels 
to touch. These phenomena may explain why the use of a vibrating nozzle was not successful. 
In conclusion, it has been decided to select another way to limit the formation of cracks on 
kernels during thermal treatment (see next chapter). 
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Figure 49. Size distribution of kernels prepared from a broth with 76 mol% Zr, 14 mol% Y, 
10 mol% Ce, with RU = 1.5 and RH = 0.3 and with vibration frequency (100 Hz). Flow rate: 
240 mL/h. 49 kernels were measured. 
 
5.3.3 Fabrication of kernels with reduced metal concentration 
 
It has been supposed that reducing the metal concentration in the broth while increasing the 
relative quantity of HMTA might improve the mechanical properties of the kernels, namely 
reducing the formation of cracks. Therefore, kernels were prepared from broths containing 
initially 76 mol% Zr, 14 mol% Y and 10 mol% Ce for a total metal concentration of 
0.6 mol/L instead of 0.8 mol/L, as was the first case (see parts 5.3.1 and 5.3.2). The quantities 
of urea and HMTA used in the broths were selected among those tested for gels with a total 
metal concentration of 0.6 mol/L (see part 5.2.5).  
 
These quantities are summarized in Table 16. Kernels of good quality were successfully 
obtained after gelation, silicone oil removal (with CCl4), aging 30 min in ammonium 
hydroxide 2 mol/L, washing (ammonium hydroxide 2 mol/L and water) and drying at room 
temperature. These kernels were characterized by thermal analysis and their surface structure 
was studied by SEM. In parallel, the quantities of Zr, Y and Ce loss during washing due to an 
incomplete gelation were measured by ICP-MS and the effect of the quantity of urea and 
HMTA in the broth on these losses was assessed.  
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Table 16. Different broth compositions studied for the preparation of kernels with the 
composition of 76 mol% Zr, 14 mol% Y, 10 mol% Ce. The total metal concentration was 
0.6 mol/L in the initial broth. 
 
Batch number 9 10 11 12 13 
RU (urea/metal) 0.5 0.5 1.0 2.0 2.0 
Urea concentration (mol/L) 0.30 0.30 0.60 1.20 1.20 
RH (HMTA/metal) 0.5 1.0 0.7 0.5 1.0 
HMTA concentration (mol/L) 0.30 0.60 0.42 0.30 0.60 
 
5.3.3.1 Thermal analysis and surface structure characterization of the 
kernels 
 
A thermal analysis of kernels prepared from a broth with a total metal concentration of 
0.6 mol/L, RU = 1.0 and RH = 0.7 (batch 11) is shown in Figure 50. It can be observed that it 
is similar to what was observed for gels from similar broths (see Figure 30 and Table 8, in 
part 5.2.6), with an endothermic mass loss followed by two exothermic effects. Only one 
mass loss can however be associated to both of these effects. The area of the first exothermic 
effect at 275°C is larger than for the gels (350 J/g for kernels, and 173 J/g for gels). This 
confirms the effect of the quantity of metal and nitrates to this effect. Indeed, the gels studied 
presented important losses of yttrium and cerium, as their preparation originally aimed at 
assessing these losses (see part 5.2.5). Therefore, the quantity of metal (and nitrate counter-
ions) is lower in these gels than in the kernels. This explains the smaller area of the first 
exothermic effect for gels (see also part 5.2.6).  
 
On the other hand, the area of the second exothermic effect at 440°C is much smaller than for 
gels (90 J/g for kernels and 800 J/g for gels). This is due to the existence of more washing 
steps for kernels than for gels (only one washing step with 50 mL of ammonium hydroxide 
was performed for gels, whereas three washing steps with 200 mL of ammonium hydroxide 
each and three washing steps with 200 mL of water each were performed for kernels), 
allowing a better removal of organic impurities, which contribute to the second exothermic 
effect (see part 5.2.6).  
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Figure 50. Thermal analysis of kernels with 76 mol% Zr, 14 mol% Y, 10 mol% Ce prepared 
from a broth with a metal concentration of 0.6 mol/L, RU = 1.0 and RH = 0.7. 
 
As can be seen in Figure 51, an improvement of the kernels properties has indeed occurred, 
with no cracks observed at 110°C. Such was not the case for kernels prepared with similar 
values of RU and RH, and a higher total metal concentration of 0.8 mol/L (see Figure 48b for 
batch 4, with RU = 1.00 and RH = 0.56). It is expected that a slow thermal treatment might 
allow to keep this good result upon heating at higher temperatures. However, preliminary 
calcination tests with no optimization of the heating conditions were not successful. Further 
optimizations may be possible in the future. 
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Figure 51. SEM picture of a kernel with 76 mol% Zr, 14 mol% Y, 10 mol% Ce prepared 
from a broth with RU = 1.0, RH = 0.7 (batch 11) and a total metal concentration of 0.6 mol/L, 
after thermal treatment up to 110°C. 
 
5.3.3.2 Study of the influence of the quantities of urea and HMTA in the 
broth on metal losses 
 
Kernels with different quantities of HMTA and urea were prepared in order to assess the 
effect of these parameters on the amount of metal losses during washing (see Figure 52). It 
was observed that the amount of losses was strongly dependent on the quantity of urea and 
HMTA present. Minimal losses were observed for RU = 2.0 and RH = 1.0 (batch 13) for all 
metal ions (less than 0.2 % of zirconium, less than 0.5% of yttrium and less than 0.8% of 
cerium were lost). A small increase of losses during the washing step was also observed for 
all metals for kernels prepared with this broth composition. On the contrary, relatively high 
losses for zirconium in the case of RU = 0.5 and RH = 0.5 (batch 9) were observed (1.3% 
instead of 0.3% on average for the other broth compositions). It may be due to a too low 
quantity of additives to ensure a good gelation. An important increase of Zr losses during the 
washing steps (from 0.5% to 1.3%) tends to indicate that some leaching of zirconium 
occurred. This may be due again to a poor gelation caused by a lack of urea and HMTA. 
Losses of Y went from 1.6% to 2.8% and losses of Ce from 1.8% to 3.2% for this batch. This 
indicates that some leaching of these metal ions also occurred, which is logical as their 
fixation in the material is dependent on the quality of the zirconia matrix. For the other 
batches, the zirconium losses were low, as usual (less than 0.1% at the start of washing, 
between 0.2% and 0.3% at the end). 
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Figure 52. Evolution of the quantity of Zr, Y, Ce losses during washing of kernels prepared 
from a broth with a total metal concentration of 0.6 mol/L, with 76 mol% Zr, 14 mol% Y, 
10 mol% Ce initially, and different amounts of urea and HMTA. a) Zr; b) Y; c) Ce. 
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This corresponds to the formation of a good zirconia matrix. On the other hand, losses of 
yttrium started between 1.2% and 2.2%, up to 1.5% to 2.7%. These losses are equivalent or 
lower than what was observed for kernels with a higher metal concentration of 0.8 mol/L 
(2.6% at start of washing to 3% at the end, see Figure 46, in part 5.3.2.4). Losses of cerium 
were also lower than for kernels with total metal concentration of 0.8 mol/L, with losses at 
start of washing between 1.0% and 2.0%, and between 2.3% and 2.5% at the end. The case of 
kernels prepared from a broth with RU = 0.5 and RH = 1.0 (batch 10) is however unexpected 
for cerium, with losses of 4.4% at start of washing to 5.4% at the end. Overall, reducing the 
metal concentration in the broth allows a reduction of losses during washing, with the best 
improvements for a broth containing a high quantity of urea and HMTA. These results must 
however be balanced with the thermal behavior of the kernels. Indeed, more urea and HMTA 
in the broth means more to be removed during thermal treatment, with stronger exothermic 
decompositions and possibly higher stresses for the kernels. A careful optimization of these 
parameters is therefore needed to maximize the final quality of the kernels. 
 
5.4 Study of a complexant: acetylacetone 
 
Recent results on colloidal sol-gel studies using Zr, Y, and Am compounds indicated that 
acetylacetone (acac) was able to form a complex with zirconyl ions [40]. This complex, with 
log K = 11.5, limits the hydrolysis of zirconium at pH 2, and shifts it to pH close to 7, 
corresponding to the hydrolysis of trivalent cations, such as yttrium (see Figure 53). Thus a 
stable sol was prepared, with zirconia nanoparticles stabilized by the combined effect of acac 
and trivalent cations [85]. This allows a greater homogeneity of the material finally obtained. 
Therefore, it was decided to try to replace urea by acac for internal gelation. In order to 
enhance the complexing effect of acac, the latter was added to the metal stock solution instead 
of the HMTA solution. This solution containing the metal ions and acac was then mixed with 
an HMTA stock solution to obtain a broth. The broths prepared had a metal composition of 
76 mol% Zr, 14 mol% Y and 10 mol% Ce, a total metal concentration of 0.8 mol/L, and 
quantities of acac and HMTA defined by the ratios RA and RH, RA corresponding to the molar 
ratio of acac on metal.  
 
[ ]
[ ]metal
acacRA =            (24) 
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RA varied between 0.0 and 2.0, RH varied between 0.3 and 0.6 (see Table 17 and Table 18). It 
was observed that acac was not readily miscible with water, but only with approximately 
10 min of agitation to obtain a homogeneous solution. The formation of a precipitate was 
observed for the higher concentrations of acac (RA ≥ 1, see Table 17). However, this 
precipitate, possibly ZrO(acac)2, could be redissolved by further mixing prior to gelation. 
 
Figure 53. Theoretical solubility curve for Zr and Y at 25°C [74]. 
 
Table 17. Values of the ratios of acac on metal (RA) used during broths preparation and 
influence of these values on precipitate formation. 
 
RA (acac/metal) 0.0 0.5 1.0 1.5 2.0 
precipitate no no yes yes yes 
 
Table 18. Values of the ratios of HMTA on metal (RH) used during broths preparation. 
 
RH (HMTA/metal) 0.3 0.4 0.5 0.6 
 
Viscosity experiments were performed to determine the effect of acac on the gelation 
temperature. As can be observed in Figure 54, there is no significant change of gelation 
temperature when the quantity of acac changes for the same quantity of HMTA. Therefore, it 
seems that acac does not catalyze the decomposition of HMTA, in contrast with what was 
observed for urea (see part 5.2.4). It is also observed that the gelation temperature decreases 
when the quantity of HMTA increases at constant acac quantity. This was expected, and is 
similar to the case with urea (see part 5.2.4). 
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Figure 54. Gelation temperature of broths containing different amounts of acac and HMTA, 
as measured by viscosimetry. 
 
Nevertheless, kernels preparation was attempted, with broth compositions described in detail 
in Table 19. Unfortunately, no stable kernels could be obtained except for RA ≥ 1.5 and 
RH = 0.6 (see Table 19). For all other cases, the droplets merged together and formed a liquid 
sol at the bottom of the column. This can be explained by a too low pH for complete gelation, 
probably due to the absence of a catalyst of HMTA decomposition like urea. An excessive 
complexation of zirconium may be a complementary explanation, preventing the formation of 
a solid zirconia matrix at relatively low pH. Therefore, the use of complexation by acac is not 
well adapted for internal gelation. Better results might be obtained for external gelation, for 
example. 
 
Table 19. Broth compositions used for preparation of kernels with acac and results of 
gelation. 
 
RA (acac/metal) 0.5 0.5 1.5 
Acac concentration (mol/L) 0.40 0.40 1.20 
RH (HMTA/metal) 0.3 0.5 0.6 
HMTA concentration (mol/L) 0.24 0.40 0.48 
Result Liquid sol Liquid sol Solid kernels 
 
Characterization of the stable kernels obtained was nonetheless performed. These kernels, 
prepared from a broth with RA = 1.5 and RH = 0.6, were studied by TG-DSC. As can be 
observed in Figure 55, only a weak exothermic effect is observed at 305°C, probably 
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corresponding to ammonia elimination. Acac elimination then occurred during the first 
endothermic mass loss at 115°C. This endothermic effect is indeed stronger than what is 
observed with urea (see e.g. Figure 39, part 5.3.2.1). Further effects at 470°C and 575°C may 
be linked to crystallization of the material. This result proves that no exothermic reaction 
occurs between HMTA, acac or their decomposition products, in contrast with urea. It is also 
interesting to note that the total mass loss is lower than for urea. Acac might be easier to be 
removed during washing than urea, which would explain this observation. 
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Figure 55. Thermal analysis of kernels with 76 mol% Zr, 14 mol% Y, 10 mol% Ce prepared 
from a broth with a metal concentration of 0.8 mol/L, RA = 1.5 and RH = 0.6. 
 
The structure of the kernels after calcination at different temperatures was studied by SEM. 
Almost no cracks are observed after heating to 110°C (Figure 56a). The kernels are made of 
spherical particles between 600 nm and 800 nm diameter, densely packed (Figure 56b). Wide 
cracks appear after calcination at 600°C (Figure 56c), due to shrinkage of the kernels and 
elimination of impurities. Otherwise, the surface structure remains similar (Figure 56d).  
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110°C                a) 110°C                b) 
  
600°C                c) 600°C                d) 
  
1300°C               e) 1300°C               f) 
 
Figure 56. Surface structure of kernels with 76 mol% Zr, 14 mol% Y, 10 mol% Ce prepared 
from a broth with a metal concentration of 0.8 mol/L, RA = 1.5 and RH = 0.6, after calcination 
at different temperatures. 
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Finally, after calcination to 1300°C, it is observed that the kernels are seriously damaged 
(Figure 56e). The cracks are transformed to closed holes compared to calcination to 600°C, 
but they are still present. Moreover, holes and blisters are present on the whole surface of 
kernels, as if some residual gaseous products escaped without finding convenient paths 
(Figure 56f). The amount of damage sustained by the kernels due to this phenomenon might 
be explained by a reduced porosity compared to kernels with urea in the broth. 
 
Due to the lack of positive results, it was finally decided to keep studying internal gelation 
with urea, and to try to better understand the effects it has on the properties of gels, kernels 
and pellets. 
 
5.5 Preparation and characterization of pellets 
 
The direct use of kernels as a fuel, for example in the SPHEREPAC process [53] is an 
innovative and interesting method. However, pressing these kernels into pellets, which would 
then be used as a standard fuel is also an interesting possibility, widely studied [56-60]. For 
example, Pai et al. studied the fabrication of (Th,U)O2 pellets by gel pelletization technique, 
preparing microspheres by internal gelation and pressing them into pellets. Sintered densities 
up to 97% of TD were obtained [60]. This method has moreover the advantage of being able 
to use cracked kernels as a feed material. Therefore, it has been decided to press the kernels 
produced in this study into pellets and characterize their densification behavior.  
 
5.5.1 Influence of the pressure on density and structure 
 
Kernels with 76 mol% Zr, 14 mol% Y, 10 mol% Ce prepared from a broth with a metal 
concentration of 0.8 mol/L, RU = 1.05 and RH = 1.20 (see part 5.3.1), and calcined at 600°C 
were compacted into pellets at different pressures. Additionally, some pellets pressed at the 
higher compaction pressures were prepared by single repressing: they were pressed, the 
pellets were crushed in a mortar, and pressed again. All pellets were sintered at 1600°C and 
their density was measured by hydrostatic weighing in water. As can be seen in Figure 57, the 
density of pellets increases with increasing pressure, in accordance with previous work on this 
material [47]. 
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Figure 57. Evolution of the density of pellets prepared from kernels with 76 mol% Zr, 
14 mol% Y, 10 mol% Ce, prepared from a broth with RU = 1.05 and RH = 1.20, and calcined 
to 600°C or 400°C. The effect of crushing and repressing was studied for calcination at 
600°C. 
 
It is also observed that repressing allows a slight increase of density. The density of sintered 
pellets pressed from kernels calcined to 400°C was also measured. It was found to be on 
average 2% TD lower than for pellets prepared from kernels calcined to 600°C. This may be 
due to higher residual stresses in the kernels, which then reduced the densification efficiency. 
Calcination of the kernels to 600°C would remove some of these stresses prior to pressing. 
This would ensure a better densification. 
 
The structure of sintered pellets calcined at 600°C was controlled by SEM. No defects were 
observed on the pellets at the macroscopic scale, except for a so-called “berry structure”, 
where the shape of the kernels can still be distinguished in the pellets (see Figure 58). This 
effect is due to a poor destruction of the kernels during pressing [86]. This structure was not 
observed on repressed pellets, which is an advantage of this method (see Figure 59). As can 
be observed in Figure 58a and b, the berry structure is present for pressures of 400 MPa up to 
900 MPa. This effect is however less clear when the pressure increases. The material inside 
the kernels is well densified (Figure 58c and d), with pores present essentially between the  
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General view            400 MPa            a) General view            900 MPa            b) 
  
In kernel             400 MPa            c) In kernel             900 MPa            d) 
  
Between kernels 400 MPa            e) Between kernels 900 MPa            f) 
 
Figure 58. SEM picture of pellets prepared from kernels with 76 mol% Zr, 14 mol% Y, 
10 mol% Ce, prepared from a broth with RU = 1.05 and RH = 1.20, pressed once at 400 MPa 
(a, c, e) and 900 MPa (b, d, f).  
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grains, with a size of 2 µm to 3 µm. Larger elongated pores are observed between the grains, 
especially at lower pressures, which indicates a “hard agglomerate” character of the kernels 
[48]. Some smaller pores (200 nm to 400 nm) can also be observed inside of the grains, which 
indicate that a better densification could occur. On the other hand, the material between the 
kernels is poorly densified (Figure 58e and f), with huge gaps and loose material inside. 
Increasing the pressure does not seem to improve the densification behavior of these areas, 
only their size and number. This berry structure is typical of pelletised microspheres [46]. 
 
By contrast, homogeneous pellets are obtained by repressing (Figure 59). The porosity is 
however higher than for the dense areas of single-pressed pellets. This poor densification 
might be due to the fact that the conditions for densification are better in the kernels, and lost 
during repressing. Some hard agglomerates can also be noticed. 
 
   
 
Figure 59. SEM picture of pellets prepared from kernels with 76 mol% Zr, 14 mol% Y, 
10 mol% Ce, prepared from a broth with RU = 1.05 and RH = 1.20, pressed by repressing at 
760 MPa. 
 
5.5.2 Study of the densification of pellets by dilatometry 
 
The densification behavior of the green pellets prepared from kernels calcined at 600°C has 
been studied by dilatometry. As can be observed in Figure 60, after thermal expansion up to 
700°C and a shrinkage due to start of densification, a swelling peak appears from 1070°C to 
1450°C with a maximum at 1170°C. After this peak, a shrinkage is again observed, which 
corresponds to a restart of densification. The peak is also observed if the kernels have been 
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milled in a mortar prior to pelletization, but its intensity is reduced. By contrast, pellets 
pressed from powders of Zr0.76Y0.14Ce0.10O2-x obtained by co-precipitation [47] presented a 
continuous shrinkage from 700°C up to 1600°C. Only a reduction of the densification rate is 
observed after 1300°C, due to a change of sintering regime. In order to understand the 
unusual behavior observed for pellets pressed from kernels, such pellets were heated to 
700°C, 1050°C, 1170°C and 1450°C. They were then broken along with pellets heated at 
1600°C and their fragments observed by SEM. 
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Figure 60. Evolution with temperature of the shrinkage of pellets prepared from kernels with 
76 mol% Zr, 14 mol% Y, 10 mol% Ce, prepared from a broth with RU = 1.05 and RH = 1.20, 
intact or milled in a mortar and pressed at 900 MPa. Comparison with pellets prepared from 
powders with 76 mol% Zr, 14 mol% Y, 10 mol% Ce obtained by co-precipitation. 
 
After heating at 700°C, the pellets contain two main structures (Figure 61a): a part composed 
of big hard agglomerates, corresponding to the kernels, and a part composed of smaller 
fragments between the kernels. The kernels keep a densely packed structure and cracks, as 
was the case before pressing. The smaller fragments are also dense, with a size of 8 µm to 
12 µm, with some smaller fragments of 2 µm to 5 µm (Figure 61b). After heating at 1050°C, 
the kernels present no noticeable difference in structure (Figure 61c). However, the small 
fragments (2 µm to 5 µm) between the kernels are now much more numerous compared to the 
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bigger ones (8 µm to 12 µm, see Figure 61d). This shrinkage of the fragments between 
kernels may explain the shrinkage of the pellets between 700°C and 1050°C, and would 
correspond to the second stage of densification [87]. 
 
 
 
700°C                a) 700°C                b) 
  
1050°C               c) 1050°C               d) 
Figure 61. SEM pictures of fragments of pellets prepared from kernels with 76 mol% Zr, 
14 mol% Y, 10 mol% Ce, prepared from a broth with RU = 1.05 and RH = 1.20, after pressing 
at 900 MPa and heating at 700°C (a, b) and 1050°C (c, d). 
 
Upon further heating, a fragmentation of the kernels is observed, the cracks widen and the 
fragments size decreases (Figure 62a). This fragmentation is certainly the source of the pellet 
swelling observed. At 1170°C, the smaller fragments from kernels (around 15 µm size) are 
present on the periphery, where they mix with the fragments between kernels. The latter have 
not evolved significantly (Figure 62b). At 1450°C, the kernels fragments are again close from 
each other, but remain smaller than at lower temperatures (Figure 62c). They keep indeed a 
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size between 10 µm and 20 µm (Figure 62d). This reorganization explains the shrinkage of 
the pellets between 1170°C and 1450°C, and the appearance of a swelling peak. 
 
  
1170°C               a) 1170°C               b) 
  
1450°C               c) 1450°C               d) 
Figure 62. SEM pictures of fragments of pellets prepared from kernels with 76 mol% Zr, 
14 mol% Y, 10 mol% Ce, prepared from a broth with RU = 1.05 and RH = 1.20, after pressing 
at 900 MPa and heating at 1170°C (a, b) and 1450°C (c, d). 
 
Finally, at 1600°C, the fragments have merged together: the densification has restarted 
(Figure 63a). The small fragments are however still discernable (Figure 63b), a longer 
sintering time at 1600°C would be necessary to complete the process and close the pores [87]. 
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Figure 63. SEM pictures of fragments of pellets prepared from kernels with 76 mol% Zr, 
14 mol% Y, 10 mol% Ce, prepared from a broth with RU = 1.05 and RH = 1.20, after pressing 
at 900 MPa and heating at 1600°C. 
 
In summary, the swelling peak of kernels between 1050°C and 1450°C is due to a 
fragmentation of the kernels. The strong packing density of the particles explains the strong 
swelling observed. The fact that this swelling was also observed for pellets pressed from 
milled kernels can be explained if we consider the milling to let hard agglomerates with a 
similar behavior as kernels with regards to this fragmentation, but with a reduced intensity. 
 
5.5.3 Influence of the broth composition on density and structure of pellets 
 
Calcined kernels prepared from broths with different compositions were pressed into pellets. 
Some of them were repressed once or several times in order to determine if more repressings 
can further improve the pellets density. The green and sintered densities were measured and 
the results reported in Table 20. It is observed that each repressing has no clear effect on the 
green density, but improves the sintered density by breaking the agglomerates and improving 
the pellet homogeneity, which favors a better densification [48]. The pellets with more urea in 
the initial broth tend to have lower green densities (55% TD), due to a higher porosity brought 
by urea. On the other hand, sintered pellets prepared without urea in the broth have a 
significantly lower density, highlighting the importance of urea for the properties of the 
material. This low density is due to the presence of very hard agglomerates, which are hard to 
sinter correctly. Densities up to 86% TD have been obtained, which is comparable to 
literature values for internal gelation of YSZ (86% TD for Zr0.70Y0.10Ce0.15Er0.05O1.925 sintered 
microspheres) [66]. 
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Table 20. Green and sintered densities of pellets prepared from kernels with 76 mol% Zr, 
14 mol% Y, 10 mol% Ce, prepared from different broth compositions, calcined to 600°C and 
pressed at 900 MPa once or several times. 
 
Batch 
no. 
RU RH 
Number of 
pressings 
Green density 
(% TD) 
Sintered density 
(% TD) 
1 0.00 0.60 1 59 74 
1 0.00 0.60 2 57 78 
2 0.50 0.60 1 63 81 
2 0.50 0.60 2 60 81 
2 0.50 0.60 3 61 84 
3 0.75 0.56 1 63 79 
3 0.75 0.56 2 61 79 
3 0.75 0.56 3 61 82 
4 1.00 0.56 1 62 78 
4 1.00 0.56 2 60 80 
4 1.00 0.56 3 60 85 
5 1.50 0.30 1 56 80 
5 1.50 0.30 2 55 83 
5 1.50 0.30 3 56 86 
6 1.50 0.40 1 64 78 
6 1.50 0.40 2 61 79 
6 1.50 0.40 3 61 82 
7 2.00 0.30 1 55 77 
7 2.00 0.30 2 55 81 
7 2.00 0.30 3 56 84 
7 2.00 0.30 4 56 86 
8 2.00 0.40 1 58 80 
8 2.00 0.40 2 57 80 
8 2.00 0.40 3 57 83 
8 2.00 0.40 4 58 85 
 
The surface of the pellets has been observed by SEM. Due to the strong damages sustained by 
the kernels prepared from a broth without urea during calcination (batch 1), no berry structure 
was observed for the corresponding pellets (Figure 64a). However, numerous pores limit the 
density to 74% TD (Figure 64b). This corresponds to a poor densification between small hard 
fragments [48]. 
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Figure 64. SEM pictures of sintered pellets prepared from kernels with 76 mol% Zr, 14 mol% 
Y, 10 mol% Ce, prepared from a broth with RU = 0.0 and RH = 0.6, after pressing once at 
900 MPa. 
 
For pellets with RU = 0.5 and RH = 0.6 (batch 2), a berry structure was observed after single 
pressing (Figure 65a). The structure inside the kernels is dense, with a few pores of size 1 µm 
to 2 µm (Figure 65b). An excellent densification indeed occurred, the kernels behaving as 
hard agglomerates. After repressing, no berry structure was observed. The structure was 
however typical of a pellet composed of hard agglomerates: a good densification is observed 
in the agglomerates, and a poor densification between them, giving a density of 81% of TD 
(Figure 65c) [48]. It can be concluded that repressing broke the kernels, but the kernels 
fragments still acted like hard agglomerates. A second repressing was not able to further 
break these agglomerates, but a better densification between the agglomerates was observed, 
improving the final density of the pellet up to 84% of TD, with pores between 2 µm and 4 µm 
(Figure 65d) instead of 3 µm to 8 µm. 
 
On the other hand, the structure of pellets prepared from kernels issued of a broth with 
RU = 2.0 and RH = 0.4 (batch 8) presented some differences. A berry structure was still 
observed after single pressing (Figure 66a), but the porosity in the kernels was higher with 
several pores between 1 µm and 3 µm (Figure 66b). This is due to a higher quantity of urea, 
which promotes pore formation. After repressing, hard fragments are still observed, but the 
densification between them is better than for lower quantities of urea, being closer to the 
structure after a double repressing (Figure 66c). Finally, after a second repressing, the hard 
agglomerates are broken, yielding a much more homogeneous structure. Pores are however 
still numerous (Figure 66d). This proves that a higher quantity of urea “softens” the hard 
agglomerates, and allows an increase in density. 
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One pressing  900 MPa            a) One pressing  900 MPa            b) 
  
Two pressings  900 MPa            c) Three pressings 900 MPa            d) 
Figure 65. SEM pictures of sintered pellets prepared from kernels with 76 mol% Zr, 14 mol% 
Y, 10 mol% Ce, prepared from a broth with RU = 0.5 and RH = 0.6. 
 
The present results on pelletization are promising, even if some optimizations remain to be 
done. A broth with a high content of urea and a relatively low content of HMTA would 
provide kernels suitable for pelletization, requiring optimizations to improve the density. A 
broth with a lower content of urea and a higher content of HMTA should yield very dense 
kernels suitable for a SPHEREPAC process, if cracks formation can be avoided. 
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One pressing  900 MPa            a) One pressing  900 MPa            b) 
 
 
Two pressings  900 MPa            c) Three pressings 900 MPa            d) 
Figure 66. SEM pictures of sintered pellets prepared from kernels with 76 mol% Zr, 14 mol% 
Y, 10 mol% Ce, prepared from a broth with RU = 2.0 and RH = 0.4. 
 
Pellets pressed from kernels calcined to 400°C were also studied. The densities measured are 
presented in Table 21. As with a calcination to 600°C, the sintered density increases with the 
number of pressings. It is also observed that lower green densities are obtained when the 
quantity of urea increases. Densities are however lower than similar pellets with calcination to 
600°C, except for RU = 0.0, RH = 0.6 and RU = 0.5, RH = 0.6. In this case, higher sintered 
densities after repressing are obtained for calcination to 400°C. Green densities and sintered 
densities after single press are similar as for calcination to 600°C for these compositions. This 
may be due to a reduced quantity of impurities to remove from the pellet during sintering, and 
therefore a better densification. 
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Table 21. Green and sintered densities of pellets prepared from kernels with 76 mol% Zr, 
14 mol% Y, 10 mol% Ce, prepared from different broth compositions, calcined to 400°C and 
pressed at 900 MPa once or several times. 
 
Batch 
no. 
RU RH 
Number of 
pressings 
Green density 
(% TD) 
Sintered 
density (% TD) 
1 0.00 0.60 1 60 74 
1 0.00 0.60 2 57 83 
2 0.50 0.60 1 63 82 
2 0.50 0.60 2 58 85 
3 0.75 0.56 1 60 70 
3 0.75 0.56 2 63 80 
3 0.75 0.56 3 60 85 
4 1.00 0.56 1 60 71 
4 1.00 0.56 2 61 82 
4 1.00 0.56 3 59 86 
5 1.50 0.30 1 60 78 
6 1.50 0.40 1 56 72 
6 1.50 0.40 2 62 82 
6 1.50 0.40 3 60 86 
7 2.00 0.30 1 61 74 
7 2.00 0.30 2 55 84 
7 2.00 0.30 3 56 83 
8 2.00 0.40 1 57 73 
8 2.00 0.40 2 56 81 
 
The structure of some of these kernels was studied by SEM. As can be seen in Figure 67a, 
pellets prepared from broths without urea present a berry structure, in contrast with what was 
observed after calcination to 600°C. This may be due to the fact that a calcination at 400°C 
did not destroy the kernels, the pellet cohesion allowing the berry structure to remain during 
sintering. Porosity is still important, but some kernels present a porosity gradient, with a very 
dense structure in the center and an increased porosity at the periphery (see Figure 67b). This 
may correspond to a migration of the impurities during thermal treatment. Repressing yields a 
homogeneous structure (Figure 67c), with pores of similar size than for pellets with the same 
composition and calcination at 600°C (2 µm to 4 µm), but less numerous (Figure 67d, 
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compare with Figure 64b). A better densification therefore occurred, probably due to a softer 
agglomerate character of the material. 
 
  
One pressing  900 MPa            a) One pressing  900 MPa            b) 
  
Two pressings  900 MPa            c) Two pressings  900 MPa            d) 
Figure 67. SEM pictures of sintered pellets prepared from kernels with 76 mol% Zr, 14 mol% 
Y, 10 mol% Ce, prepared from a broth with RU = 0.0 and RH = 0.6, and calcined to 400°C. 
 
For a broth containing a medium quantity of urea and HMTA, such as RU = 0.75 and 
RH = 0.56 (batch 3), a berry structure is observed on pellets. It is more marked than for other 
broths compositions and calcination temperature (Figure 68a). Moreover, the porosity inside 
the kernels is higher than for a calcination at 600°C (Figure 68b), which proves that 
elimination of impurities occurred inside the pellet during the start of the sintering step, 
limiting the densification. Repressing improves slightly the structure, with fewer pores 
present (Figure 68c). Once more, the hard agglomerate character of the material is less 
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marked than for calcination at 600°C. Further repressing does not bring any notable 
modification of the structure (Figure 68d). 
 
  
One pressing  900 MPa            a) One pressing  900 MPa            b) 
  
Two pressings  900 MPa            c) Three pressings 900 MPa            d) 
Figure 68. SEM pictures of sintered pellets prepared from kernels with 76 mol% Zr, 14 mol% 
Y, 10 mol% Ce, prepared from a broth with RU = 0.75 and RH = 0.56, and calcined to 400°C. 
 
For a high quantity of urea and a relatively low quantity of HMTA (e.g. RU = 2.0 and 
RH = 0.3, batch 7), a berry structure is still observed, albeit is not very marked (Figure 69a). 
An important porosity is observed inside the kernels (Figure 69b). This is in accordance with 
what was observed for calcination at 600°C, with a higher porosity when more urea was 
present in the broth. A slight reduction of this porosity is again observed after repressing 
(Figure 69c), and no further improvement is obtained with more repressings (Figure 69d). 
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In summary, calcination at 400°C only prior to pellet pressing may not be an interesting 
solution, due to the relatively low density obtained, associated with a high porosity. 
Therefore, calcination to 600°C would be preferred in this case. 
 
  
One pressing  900 MPa            a) One pressing  900 MPa            b) 
  
Two pressings  900 MPa            c) Three pressings 900 MPa            d) 
Figure 69. SEM pictures of sintered pellets prepared from kernels with 76 mol% Zr, 14 mol% 
Y, 10 mol% Ce, prepared from a broth with RU = 2.0 and RH = 0.3, and calcined to 400°C. 
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6. Conclusions 
 
 
6.1 Summary 
 
Plutonium and the minor actinides (neptunium, americium, curium) are the main source of 
long-term radiotoxicity in spent nuclear fuel. A specific treatment of these elements to reduce 
this long-term radiotoxicity would improve the repository conditions and the public 
acceptance of nuclear power. Partitioning and transmutation is such a possible treatment, and 
is currently studied worldwide. Among other issues, the co-conversion of actinides solutions 
obtained after partitioning into solid fuels precursors for transmutation presents specific 
challenges, especially due to the high activity of americium and curium. In this study, yttria-
stabilized zirconia was selected as inert matrix to contain actinides (cerium was used as a 
surrogate), which can be used e.g. for transmutation in accelerator-driven system at high burn-
up, and internal gelation was selected as a wet, dust-free process to obtain solid microspheres 
(kernels). 
 
Preliminary studies were first performed on gels to determine the precise role of the organic 
additives used for internal gelation (hexamethylenetetramine HMTA, and urea). It was 
observed that urea did not complex zirconyl ions, in contrast with what was observed for 
uranium in the literature. On the other hand, urea did catalyze the decomposition of HMTA, 
along with temperature. This decomposition is the main driving force of gelation. Urea also 
brought porosity to the solid material. Initial solutions containing a high amount of urea and a 
relatively low amount of HMTA in particular seemed to give a gel structure porous enough to 
allow good mechanical properties during thermal treatment. However, kinetic studies on the 
decomposition of HMTA showed that the pH obtained by internal gelation alone was too low 
to ensure a complete gelation of trivalent cations. Therefore an aging step in alkaline medium 
(e.g. in a 2 mol/L ammonia solution) was required to limit losses. 
 
Following these results, kernels were successfully prepared by internal gelation. They were 
found to crystallize into an fcc fluorite structure with no apparent phase segregation, as soon 
as 400°C. This early crystallization was due to an important quantity of energy brought by a 
strong exothermic oxidative decomposition of organic impurities issued by the decomposition 
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of urea and HMTA. This effect, which occurred around 300°C, was the main cause of cracks 
formation on the kernels during thermal treatment, along with the stresses caused by the 
evacuation of the gaseous products thus formed. Using a high quantity of urea and a relatively 
low quantity of HMTA allowed to reduce these cracks, but they could not be totally avoided. 
Although urea contributed to the exothermic decomposition, the porosity gives to the material 
better mechanical properties to the kernels than when it was not present. Moreover, the 
catalytic effect of urea on HMTA decomposition allowed a greater range of compositions, and 
therefore an easier optimization of the kernels properties. It was also observed that around 3% 
of the cerium and yttrium used was lost in the wash effluent. This value remained however 
low, and a recuperation of these losses is certainly possible. 
 
Due to a complexing effect on zirconium, which would allow a simultaneous hydrolysis of all 
metal ions, replacing urea by acetylacetone (acac) was attempted. Preliminary studies on gels 
indicated that acac did not catalyze the decomposition of HMTA. This effect, coupled with 
the complexation of zirconium, led to difficulties to obtain stable kernels. Moreover, the 
thermal resistance of the kernels was poor, probably due to a lack of porosity brought by urea. 
Therefore, this axis was not further investigated in the present thesis. 
 
Kernels were pressed into pellets, as it is an interesting method for fuel fabrication, widely 
studied for uranium. This method has the added advantage to be usable even with cracked 
kernels. A berry structure was however observed, which limited the densification possibilities. 
Repressing allowed to break this structure and improve the density after sintering, up to 86% 
TD. This relatively low density is interesting for minor actinide-containing fuel, as some 
porosity is required to manage the strong helium build-up occurring during irradiation. The 
kernels behaved like hard agglomerates and presented a high density, but the material 
between them was poorly sintered. Repressing allowed to break the kernels into smaller hard 
agglomerates. If a high quantity of urea and a relatively low quantity of HMTA had been used 
in the initial solution, further repressing allowed to break these agglomerates to obtain a 
homogeneous structure, albeit with more porosity than in the initial kernels.  
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6.2 Outlook 
 
Several problems and interrogations remain. The role of urea and HMTA in gelation is now 
better understood, but an optimal broth composition able to prevent cracks formation during a 
slow heat treatment could not have been found. Pellet pressing remains a viable alternate 
solution, since the density of a minor actinide-containing fuel should be lower than an 
ordinary fuel to accommodate the build-up of gases during irradiation. The repressing step 
might however pose a problem, even if it generates much less dust than traditional milling. 
Another alternative might be to use the so-called VIPAC process of filling pins with coarse 
particles by vibro-compaction. This method requires dense particles, which should be as 
spherical as possible [88]. This method might accept cracked kernels. Preneutralising the 
trivalent cations prior to broth preparation might also ease the gelation process. It would then 
be possible to better optimize the gelation parameters and the kernels properties, especially 
the mechanical ones. 
 
More basic studies should be performed in order to fully understand the complex interactions 
between urea, HMTA and metal ions. The goal would be to minimize the quantity of organics 
products to reduce the quantity of impurities to be removed, while keeping enough HMTA to 
ensure a good and quick gelation and enough urea to ensure a structure able to resist to the 
stresses encountered during thermal treatment. It might seem that a reduced metal 
concentration could help to obtain better properties for the material, but maximizing this 
concentration should also be attempted to reduce the quantity of fuel required. On the other 
hand, the thermal treatment might also be optimized, with an extremely slow heating rate, and 
maybe selected temperature holds to reduce the stresses. A difficulty for this objective is that 
these temperatures seem to vary with the broth composition.  
 
In parallel to internal gelation, different methods could be tested, such as external gelation, 
infiltration, or fixation of actinides on ion-exchange resins prior to calcination into a ceramic 
matrix [40]. 
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